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PREFACE
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tal Engineering Division, U.S. Army Cold Regions Research and Engineering
Laboratory. The work was funded under DA Project 4A161101A91D, In-House
Laboratory Independent Research. The report was reviewed by Paul V. Sellmann
and Dr. Ronald Liston of CRREL.

The contents of this report are not to be used for advertising or promotional

purposes. Citation of brand names does not constitute an official endorsement or
approval of the use of such commercial products.

S



CONVERSION FACTORS: U.S. CUSTOMARY TO METRIC (SI)
UNITS OF MEASUREMENT

These conversion factors include all the significant digits
given in the conversion tables in the ASTM Metric Practice Guide

(E 380), which has been approved for use by the Department of
Defense. Converted values should be rounded to have the same
precision as the original (see E 380).

Multiply By To obtain

inch 25.4* millimeter
foot 0.3048* meter
foot/minute 0.00508* meter/second
foot/second 0.3048* meter/second
knot 0.5144444 meter/second
revolution/minute 0.1047 radian/second

pound force 4.448222 newton
pound force/inch2  6894.757 newton/meter2

pound force/foot2 47.88026 pascal (N/il)
ton (short) 907.1847 kilogram
foot'/minute 0.0004719474 meter'/second
gallon/minute 0.00006309020 meter'/second
horsepower 0.7457 kilowatt
foot'/pound 0.06242 meter'/kilogram
pound/foot 1.488 kilogram/meter

Exact

.".ion For

We TASunemounced

justification

Distributioal

iii

•~~~~~a I Or ol f i -



CONTENTS
Page

A b strac t ............................... .................................................................................................... i
P re fa ce ...................................................................................................................................... ii
C o n versio n facto rs .................................................................................................................... iii
In tro d u c tio n ............................................ ................................................................................. I
Types of pipelines and cables .................................................................................................... 2
Potential hazards to pipelines and cables ................................................................................... 2
A reas o f co ncern ....................................................................................................................... 2
W a ter d ep th ............................................................................................................................... 3
S e a ic e ....................................................................................................................................... 3
Icebergs and ice islands .............................................................................................................. 5
Submarine permafrost ............................................................................................................... 6
Ice go u g in g ................................................................................................................................ 7
Seabed erosion by water jets ................................................................................................. 9
Protection methods ................................................................................................................... 9

Protection of unburied pipes and cables ............................................................................... 9
Protection by burial .............................................................................................................. 10

Backhoe digging ........................................................................................................................ 11
W ireline equipment .............................................................................. ............ 12
Plowing and ripping from the surface ...................................................................................... 13
Plowing and ripping by self-propelled seabed vehicles .............................................................. 1 5
Bucket ladder dredges ............................................................................................................... 16
Suction dredging ....................................................................................................................... 16
Conventional cutterhead dredges ............................................................................................. 18
Low pressure water jetting ........................................................................................................ 18
Bottom-traveling cutterhead dredges ........................................................................................ 20
Explosive methods .................................................................................................................... 22
Novel methods .......................................................................................................................... 25

Disc saws, wheel ditchers and m illing drums ....................................................................... 25
Ladder trenchers and chain saws .......................................................................................... 27
Repetitive impulse devices .................................................................................................... 27
High pressure water jets ........................................................................................................ 29
Flame jets and plasma torches .............................................................................................. 30
Electrical discharge and electromagnetic radiation .............................................................. 32
Chem ical methods ............................................................................................................... 33

Conclusions ............................................................................................................................... 33
Literature cited ......................................................................................................................... 33

ILLUSTRATIONS

Figure
1. Simplified representation of ice gauge depth ................................................................... 8
2. Penetration of anchor flukes in unfrozen bed sediments ................................................. 8
3. Protection arrangements for unburied underwater pipelines ............................................ 10
4. Production rates of hydraulic backhoes working in common materials on land ............... 12
5. Production rates of short-boom draglines working in common materials on land ............ 13
6. Ladder power as a function of bucket capacity for ladder dredges .................................. 16

iv

j~ij W4W7



Figure Page
7. Approximate output of suction dredges as a function of pipe diameter and discharge

velo city ...................................................................................................................... 17
8. Typical range of pump power as a function of discharge pipe diameter for suction

d red ges ....................................................................................................................... 17
9. Hydraulic power and flow rate as functions of nozzle pressure and nozzle diameter for

"low pressure" w ater jets .......................................................................................... 19
10. Jet power and flow rate as functions of nozzle pressure and nozzle diameter for "high

pressu re" w ater jets ................................................................................................... 3 1

- V



I I

UNDERSEA PIPELINES AND CABLES
IN POLAR WATERS

Malcolm Mellor

Introduction
Undersea pipelines and cables can easily be in the temperate regions, some trouble can be

damaged if they are not properly protected, expected when large scale burying has to be
especially in shallow coastal waters. In the past, done in the Arctic
comparatively little effort was made to protect One of the major concerns in polar waters is

cables and pipelines, apart from warnings and floating ice, both true sea ice and treshssater
anchoring prohibitions printed on nautical icebergs calved from glaciers Deep keels of
(.harts With the proliferation of underwater pressure ridges or icebergs can gouge into the
pipelines and cables, it is clearly impractical to bottom sediments as the floating ice moves
reserve the seabed over great areas, and in any under the influence of wind and current Large
case anchoring and trawling prohibitions pro- ice masses can also ground or settle on hard bot-
vide no protection against natural hazards, or tom, crushing cables or pipes that might le
against deliberate hostile action, there. In very shallow water, ice can adhere to

Government regulations in various countries the bottom or to objects lying on the bottom,
now call for the protection of pipelines and but the ice may be moved by local thrusting or
cables, usually by burial. However, even where by tidal action.
such regulations exist, they are not always met Another feature of polar waters is subsea per-

or enforced because of expense and technical mafrost. In some areas the subsea permafrost is
difficulties. In fact, some regulations are being not ice-bonded, and for practical purposes it is
relaxed in order to relieve industry of the more not much different from unfrozen bottom
difficult burial tasks, material. However, there are other areas where

In polar waters, pipelines and cables can be the bottom sediments are bonded by ice, at least
exposed to most of the hazards that exist outside partially. Subsea permafrost is not expected to
the polar regions, and in addition they can be cause any insuperable excavation problems, but
threatened by special natural hazards that are thermal problems and consequent pipeline
peculiar to those waters. There are some areas of stability problems are distinct possibilities.
major significance where burial of pipes and especially where there are transitions between
cables is a matter of necessity, not of choice or bonded and unbonded bed materials
convenience. On the other hand, there may be some advan-

The technical problems of submarine burial in tages to be gained from sea ice and subsea per-
polar waters are at least as severe as those en- mafrost. The sea ice provides a working platform
countered elsewhere, but the consequences of for part of the year, and this can be used both for
failure are probably more serious. Since current laying and burying. Partial ice-bonding in the
capabilities are barely adequate for operations subsea permafrost could improve sidewall

2 __ _ _ __ _ _ __ _ _ _ _ __ _ _ __ _ __ _ _ __ _ _ __I?
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stabiht in a trench. thus reducing the amount ot I Wa ,e and ( urrent at tion tbut teting.
et\ a\ ation that has to be done I-nalh . en- drag. N, o r. et( I
\ ironmentaI c ons iderations might ta\ or in 2 SeimIi( dist urban es
under\,,ater route o er a sensiti t tundra route I I urbldt, ( urren ,ts, landsl des, it

The pLurpaose ot this re\ ies is to Outline the en- 4 Ship an hors. epe( iallN %%hen dragging
ronmental conditions that atte( t the la ig ') I ishing gear, ,pe( ialsl heav tira, I

and prote( ting ot pipelines and ( ables and to boards
e\amine the technical problems that might arise t H osti le at ion and sabotage
special attention is gi en to burN ing tec hniques 7 Sea creatures (e g wshales)

In arctic ws ater a number of spe cial hazard,
Types of pipelines and cables ha\ e to be added to the abose list Ihe\ IM [Wkn

Problem, ould arise w ith a , arietv ot tx pes ot 8 Direct treeze contact with annual sea
pipelines and cables The tollo\sing tspes might ice (in shallows \,ater)
be kept in mind 9) Bed gouging by ice keels

1 Oil teeder lines trom offshore sellheads 10 Ice crushing on hard bottom
These could eist in considerable numbers, ,with 11 Uncontrolled thaws of parttall, i(e-
relatl\eh, short runs more or less at right angles bonded bed sediments
to the coastline Oil carried in the lines could be 12 Frost heave from chilling of Subsea
ssarm enough to melt marginal permafrost sur- marginal permafrost and unfrozen
rounding the pipe sediments

2 Gas feeder lines from offshore wellheads 13 Frost action and ice thrust on beaches,
Though broadl similar to oil feeder lines, these bars and shoals
probably would not carry much heat. 14 Pit scouring beneath flooded sea ice

3 Oil or gas trunk lines. In some parts of the
Arctic. trunk lines will have to cross bays and Areas of concern
make crossings between islands. In other areas, In this general review the intention is not to
there may be an option of running a trunk line focus on any particular geographic area, except
underwater parallel to the coastline to avoid the for the broad restriction to regions where ice and
problems of overland pipelines on sensitive tun- frozen soils are significant factors. However,
dra There is a significant distinction between oil there is an unavoidable tendency to emphasize
and gas lines in terms of heat transfer character- certain places because they have been sub-
istics, oil lines may tend to thaw permafrost, jected to special scrutiny for one reason or
while gas lines could conceivably chill the another. To avoid unduly restrictive thinking, it
sediments and cause heaving, should be kept in mind that potential problems

4 Public or military utilities. Local distribu- exist in the following geographical areas.
tion systems for gas, water, or refined liquid 1. Alaska: northern, western and southern
fuels might include underwater runs. coasts

5 Electric power cables. Power cables for 2. Canada: western Arctic, Canadian Ar-
civilian communities, military bases, or commer- chipelago, and eastern coasts at least as far
cial undertakings might be laid underwater, south as Labrador

6. Telephone cables. Both local and "long 3. Greenland: west coast, and possibly also
line" telephone cables are likely to be laid under east coast
water 4. Spitsbergen

7 Special purpose military/naval cables. Re- 5. Soviet Union: northern coast and adja-
quirements exist for laying of special purpose cent islands, eastern and southeastern tip
cables in coastal waters, including arctic waters. 6. Antarctica: McMurdo Sound a likely

area for early concern
Potential hazards to The main concern is with shallow coastal
pipelines and cables waters. The coastlines that have to be con-

Pipelines and cables laid under the sea are sidered could include steep rocky coasts with
susceptible to damage by natural processes and deepwater inlets, stable skerry coastlines, flat-
by human activity. Examples of potential lying shallow water coasts with rapidly eroding
hazards that can exist almost anywhere include: shorelines, shifting beaches, river estuaries,

i! 1:
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deltas, and even coasts that are permanently 3 Machines that transmit forces dire(tly to
fringed with ice, The areas of concern could also the seabed, such as stinger plows, ladder
include offshore islands, barrier islands, bars, dredges, or cutterhead boom dredges, (,an
shoals and so forth, as well as partially enclosed operate in water up to about 40 m deep In
waters such as bays, fjords, inlets and lagoons deeper water it is easy to transmit power, but
About the only things excluded are mangrove direct mechanical transmission of forie is dit-
swamps and coral reefs ficult.

Water depth 4. Down to 40 m, zero de(ompression die.e

Where pipelines or cables traverse shipping can be made with scuba or lightweight equip-

lanes or fishing grounds, burial is desirable even ment for routine inspection, survey, control, ad-

in deep water However, in most of the areas iustment and so on

hsted above there is relatively little ship activity, Sea ice
and the onl, special polar hazard in deep water Sea ice is formed by the freezing of seawater,
is the possibility of a strike by the keel of a large as distinct from icebergs and iceberg fragments
iceberg Thus the emphasis in this reviev is on that originate as glacier ice The average salints
shallow coastal waters, where the needs for pro- of seawater is 35 g of salts per kg of water, usual-
tection are greatest and the range of applicable ly expressed as 35%0 Lower salinities occur in
technology is broadest the surface waters of polar regions where there

To establish some sort of limit, an arbitrary is dilution by meltwater or river outfloss 1he
range of 0 to 40 m depth is taken. This is not in- freezing point for salinity S can be estimated as
tended to preclude the possibility of work at -0055 S °C, where S is in %., for S = 35%,
greater depths, but it gives some idea of the freezing begins at -1 90 C, and for S = 30%/I0
probable depth range for most projects The freezing begins at about - 1 70C
following points were taken into consideration Unlike fresh water, which reaches maximum
in setting a 40-m depth limit density at + 40 C, seawater of salinity S > 24 7 0/1,

1 In the Beaufort Sea, ice gouging of the sea- increases in density as it is cooled to the freezing
bed is frequent and severe out to a water depth point Thus, under still conditions, slowk cool-
of 20 m, and there appears to be appreciable ing surface water sinks and warmer water trom
contemporary gouging out to about the 30-m below rises to the cooling Surfac e Under ideah
water depth. Frequency of gouging seems to ed conditions the entire water bodN would ha\,e
decrease with increasing water depth Gouges to cool to the freezing point betore ice torma
have been found in water up to 80 m deep, but at tion could begin, but in reality rapid cooling (an
this limit they are rare, and may well be relics of form ice at the surface before the deeper waters
long ago Keel depths of pressure ridges are com- are completely isothermal at the freezing point
monlv up to 20 m, and they can be as much as 50 What may be of more consequence in the pre-
m in exceptional cases. The ice shelves where ice sent context is that stable thermal stratification
islands originate are up to 60 m thick, but the can exist, with the coldest water at the bottom
small ice island fragments that move into When freezing begins, small crystals appear in
coastal waters are usually only about 12 to 30 m the form of needles or platelets As the floating
thick crystals multiply, grow and agglomerate, a slush

2 Offshore drilling in sea ice areas is likely to forms at the surface; as it thickens, the slush
be limited mainly ta waters less than 20 m deep laver may break up into "pancakes" under the
in the first phase of development The drilling in influence of gentle wave motion. Finally, the ice
Cook Inlet, Alaska, has generally been in water forms a continuous sheet, and further growth is
less than 20 m deep, and drilling in the western controlled by heat conduction from the "warm"
Canadian Arctic has been carried out from artifi- lower surface to the cold upper surface.
cial islands built in water up to about 12 m deep. The initial crystals reject salts from their struc-
In the Canadian Arctic there have been applica- ture, tending to increase brine concentration at
tions for drilling in deeper waters, but objections the ice/water interface. During subsequent
have been raised on the grounds that this would growth and agglomeration of crystals, brine
be too hazardous at the present time (the situa- becomes trapped between ice lamellae and thus
tion could change with development of suitable incorporated into crystals, and it is also trapped
drill ships, hover platforms, etc.). between crystals at the grain boundaries. The

-"-7 -- "-: w 2 -:, -



amount of brine incorporated into the ice in this relation for different sites are caused mainl b,
way depends largely on the rate of freezing, snow cover, wind conditions, and solar radiation
which decreases as the ice thickness increases characteristics.
With very slow freezing the overall salinity of Coastlines in the Arctic and Antarctic tpi( al-
the ice can be as low as 2%0, aid with very rapid ly accumulate from 3000 to 7000 freezing
freezing it can be as high as 20/o. The volume of degree-days (Celsius) during the course of a
liquid in the brine cells varies with temperature, winter, and the maximum ice growth for one
since an equilibrium between salinity and freez- season is typically in the range 1 5 to 2 5 m
ing temp',ature has to be maintained As the ice Growth terminates when the surface heat
cools, certain salts tend to precipitate at par- balance reverses in springtime The ice then
ticular temperatures, for example sodium decays by surface ablation, internal melting and
sulfate decahydrate at - 80 C and sodium chlor- brine drainage. If there is sufficient upward heat
ide dihydrate at about - 230C, flux from the ocean, ice may also be lost by

basal melting Brine drainage leaves the porous
One consequence of freeze/thaw fluctuations ice mass relatively pure, and quite resistant to

in brine pockets is that brine can diffuse down further melting when it is immersed in cold
through a cold ice sheet under the combined in- saline water
fluences of temperature gradient and gravity, At any stage in its life, sea ice can be broken
leading to gradual decrease of salinity with time. up by wind and waves to form ice floes and pack
This freshening process is speeded up greatly ice. Pack ice is an accumulation of broken sea
when brine pockets become big enough to inter- ice that moves under the influence of ocean (ur-
connect and permit free drainage. Sea ice that rents and wind shear. Velocity gradients in a
has survived a summer season usually has very field of moving pack ice create both shear
low residual salinity. Another consequence of strains and strains that increase or decrease the
brine volume fluctuation is a corresponding packing density of the ice floes Large strains
fluctuation of mechanical properties because of and high strain rates occur when the general
changes in porosity as the temperature varies movement is impeded by proximity to coast-
(there is also an intrinsic temperature depend- lines, shallow water, or intact fast ice
ence in the matrix of pure ice). Severe compressive strains lead to the forma-

The crystals in sea ice have preferred orienta- tion of pressure ridges, where local buckling,
tion with the optic axes (c-axes) horizontal. Re- crushing and thrusting cause ice to pile up, and
cent studies suggest that there may also be a later freeze, into a massive structure. Ridges can
preferred direction of c-axes that correlates with also form under the combined action of com-
the directions of ocean currents. pression and shear. New ridges formed in

The growth rate of sea ice is controlled by the seasonal fast ice or in seasonal pack ice typical-
rate at which heat can be removed from the ly rise 1 or 2 meters above the general ice sur-
freezing surface. This in turn is determined by face, but much higher ridges can form when
the temperature gradient and the thermal con- thick sea ice is subjected to very high stresses
ductivity of the ice. As the ice thickens, the (the highest free-floating ridge observed so far
temperature gradient tends to decrease, and the rose almost 13 m above the surface). The visible
growth rate falls off. Once the ice cover is well "sail" of a recently formed ridge represents only
established, ice thickness correlates well with a minor part of the total ridge depth, typically
the sum of freezing degree-days since first ice about 20%, although it can range from 10% to
formation; thickness is more or less proportional 25%. Extremely high ridges, rising to 38 m or
to the square root of the degree-day sum, in ac- more above the surface, can form where the ice
cordance with the classic Stefan solution to this becomes grounded on the seabed Sections of
heat transfer problem. A variety of empirical pressure ridges can easily survive through a sum-
equations have been used to accommodate the mer, becoming subdued in external profile but
difference between actual ice surface gaining strength through brine drainage and in-
temperature and the air temperature on which filling with refrozen meltwater. Old pressure
degree-days are based. Most approximate to the ridges, which typically have about 25% of their
parabolic form of the Stefan equation, and one thickness above the surface, represent the most
well known relation (the Zubov equation) is a massive and formidable ice that is common and
quadratic equation. Variations in the growth widespread in the Arctic
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Broken pack ice and old pressure ridges often gla ier snout thrusts out into tidal water the
become incorporated into a new ice sheet with floating (antilever is tlexed by tidal motion, and
the onset of winter New ice forms over the i (an easilv break when the length to thicknes,
water between old floes and blocks, and grows ratio is about 2 With uniform thi(kness and .er
much more quickly than the thick old ice to ti(al sides, a gla( er berg would float with 12%
form a coherent ice cover, of its thicknes,, nove water. so that at least one

Sea ice occurs in zones that have definite horizontal dimen, in is likel, to be less than 20
characteristics Close to coastlines the seasonal times the height The floating terminus ot a
ice cover is usually well anchored and it does glacier is often crevassed by tensile strains. and
not move significantly The ice often remains in- crevasses carried over into an i(eberg help to
tact throughout the winter, although it can be produce dramatic sculpturing
broken by storms in autumn or early winter. This Major icebergs calved from floating i(e

is known as fast ice In some favored locations shelves are typically flat-topped, with large hori-
the fast ice does not break out every summer, zontal dimensions, although small fragments do
and it can become very thick if there is a net ac- break off from cliffs at the ice front Ice shetes
(umulation of snow Beyond the fast ice, the ice cover great expanses with little change in
cover breaks frequently and moves as pack ice thickness and no vertical restraint. so that there
with wind and current, often thrusting, rafting is not much tendency for the kind of flexure that
and buckling to form hummocks and ridges The would produce small bergs The wide. tlat-
belt that separates the moving pack ice from the topped bergs are termed tabular icebergs The
immobile fast ice is termed the shear zone. Nar- average density of Antarctic shelf ice tends to be
row shear zones produce severe breaking and relatively low, so that tabular bergs float with
grinding of the ice, and a shear ridge is formed, about 17% of the thickness above water
In the landlocked arctic basin, large ice masses Typical total thickness of Antar(ti( tabular
can persist for many years. they are repeatedly bergs is around 200 m, and horizontal dimen-
modified by melting and refreezing, and form sions of several kilometers are quite common
part of the polar pack ice that is replenished by Some bergs are tens of kilometers long, and one
new ice formation in winter. Around much of exceptional berg was measured as 180 ki long
Antarctica, the pack ice is free to diffuse out in- Tabular icebergs are occasionally encoun-
to the open ocean without being recycled as it is tered in the Arctic, although there is only one
in the central Arctic known ice shelf, the Ward Hunt Ice Shelf of

In any given geographical area the sea ice Ellesmere Island. Some very small tabular ice-

conditions may vary from vear to year, but there bergs may be calved from certain floating

are broad characteristics that remain the same. glacier tongues. Tabular icebergs in the Arctic
Ocean are known as ice islands, and research

Icebergs and ice islands stations have been maintained on a number of

Icebergs are massive bodies of ice broken off them. Early in their life cycle, ice islands can be
from glaciers Some are produced by land-based up to about 500 km 2 in area; eventually they
glaciers that terminate in the sea, especially fast break up into large numbers of smaller frag-
moving valley glaciers or ice streams. Others are ments, but the designation "ice island" is retain-

produced by floating ice shelves, especially the ed even for fragments as small as 1000 m2 in
major ice shelves of Antarctica (Ross, Filchner, area. The large ice island T-3 was about 50 m

Amery). They drift under the influence of wind thick, but small fragments may be only 20 m

and current and eventually decay by melting thick.

and mechanical breakup, often after lengthy Most icebergs and ice islands in the Arctic are
groundings at some stage in the journey. calved from ice that is in an area of net ablation,

Various terms are used to describe different and bergs are thus composed almost entirely of
sizes and shapes of icebergs; most are unneces- hard impermeable ice. By contrast, most antarc-
sary for present purposes, but some distinctions tic icebergs break off from ice shelves that are
have to be made. areas of net accumulation, even at the ice front

Icebergs calved from land-based glaciers in Thus antarctic tabular bergs consist of
the Arctic typically have quite small horizontal permeable packed snow ("firn") in their upper
dimensions, and abrupt vertical relief. When a layers.

5



The flotation characteristics of icebergs are In most areas the interface between water and
quite variable A uniform slab of typical glacier bed can never be much colder than - 1 90 C (in
"tt fr6atz ihti rdih, ryss latir'ith'a'b bt'.e ven -  special circumstances brine enrichment during
eighths (88%) of its thickness submerged surface freezing can permit lower temperatures)
Typical antarctic shelf ice has lower average This means that submarine permafrost is never
density and it floats with about five-sixths (83%) exposed to the very low surface temperatures
of its tnt kness submerged. However, small that are typical in winter over terrestrial per-
icebergs are not uniform slabs Wave action at mafrost. If ice-saturated freshwater permafrost
the waterline undercuts the ice cliffs, which fall were to be sealed in a membrane and taken to
and leave an underwater bulge beneath the the arctic seabed it would be relatively weak
wave terra(e, allowing the berg to then ride because of the high temperature, and in the (ae
higher in the water. This effect, which is readily of fine-grained soils, especially clays, some ot
calculable, permits small bergs to invade the fresh water content would be unfrozen at
relatively shallow waters -1 90 C. With the membrane removed, further

The general drift patterns of icebergs are quite gradual deterioration of the ice-bonding would
well known For example, ice islands in the North be expected, by salt diffusion in impermeable
American sector of the Arctic Ocean drift in material and more rapidly by infiltrition and di;
clockwise, roughly elliptical, paths on the fusion in permeable material
Alaskan side of the Lomonosov Ridge, moving The coastal waters of the Beaufort Sea north
westerly through the Beaufort and Chukchi Seas of Prudhoe Bay and Point Barrow apparentl,
before swinging northerly towards the Pole and cover large areas of submarine permafrost that
finally moving south again towards Ellesmere is at least partially ice-bonded, and of (on-
Island. Bergs calved from the glaciers of west siderable depth Here the coastal lands are ver,
Greenland drift south in the Labrador Current flat and low-lying, and the sea is encroaching
and out into the North Atlantic. Antarctic bergs over the land due to shoreline erosion and thaw
tend to spiral away from the continent, reaching settling. Measurements of shoreline retreat ha'.e
400 latitude in the South Atlantic and the Indian given long-term mean rates from 0 7 to 1 5 m yr.
Ocean. with short-term local rates as high as 3t0 m r

(Hopkins et al. 1977) Thus deep terrestrial per-
Submarine permafrost mafrost, with its various characteristic features,

The simplest and most unambiguous defini- is being submerged In shallow water near the
tion of permafrost is: "soil or rock at tempera- eroding shoreline there has not been mu h
tures permanently below O°C." This says nothing degradation of the ice-bonded permafrost, simne
about the mechanical properties of permafrost ice freezes to the bottom out to a depth of about
- a pile of dry gravel has much the same pro- 2 m, thus providing a conduction path between
perties whether the temperature is +1 or -1 0 C. the bed and cold air during winter As water
However, more elaborate or restrictive defini- depth and distance from shore increase, the
tions of the term permafrost tend to create con- upper limit nf ice-bonded permafrost tends to
fusion without really clarifying the properties of become further below the seabed, although
the material. In this report the simple definition there is not necessarily a clear demarcation be-
will be adhered to, and qualifications will be tween bonded and unbonded bed material. In
made as required. fine-grained soils that were originally saturated

In ice-covered northern waters the sea temp- with freshwater ice there is probably only slow
erature is generally below OC, since the freez- thawing, since seawater temperature remains
ing temperature of normal-salinity seawater is below 00 C and brine diffusion into the soil is a
about -1 90 C (salinity variations can produce slow process. By contrast, granular soils that
temperature variations from about -1 to were originally unsaturated and permeable are
- 2.50 C). Thus seabed permafrost is widespread readily infiltrated with seawater, which car then
in the Arctic and Antarctic. This does not reduce or destroy the ice bonding even though
necessarily mean that bed sediments have the soil temperature is below 00 C. The thaw
mechanical properties that are significantly dif- bulbs that originally existed beneath lakes prior
ferent from those prevailing in warmer waters. If to submergence would be likely to remain thaw-
the pore water of the bed material is saline and ed or to be modified by partial freezing and
unfrozen, then there is no ice bonding. water migration. At the lower boundary of the
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relict undersea permafrost (which can be more and shallow seas where there is hea\v rmusini,
than 600 m below the seabed), geothermal heat ice, and some have been dete ted in relativel
flow is expected to be thawing the bonded deep water (up tovgR-w) ,. ,
material at rates of the order of 10 mm'yr Gouge in the seabed are made b\ the keeils ot

Beyond the 90-m water depth of the Alaskan ice pressure ridges. and to a lesser vxt'tnt hs the
shelf there is not expected to be any ice-bonded keels of ice island fragments In deeper i, ater,
permafrost, since this contour marks the furthest icebergs can presumablV gouge the bed %%hern
extent of shoreline at the last sea level they ground In the Beautort Sea, the i( bod .,
minimum that form the gouging tools art, gripped in the

Offshore from stee l) or stable coastlines, ice- pa(k ice. which itself is pushed along b, s, md

bonded permafrost would not normal lv be ex- shear that acts over wide surface areas tv ith a

pected to occur, except under very shallow fresh breeze, wind shear over iRe OL Id he in the

water where ice grounds or freezes to the hot- range 0 1 to 0 4 N m". depending on i,%ind speed

tom However, there may be special cir- and ice roughness)

( umstances that could permit local formation of The dimensions of gouges are related to the

ic e-bonded submarine permafrost For example, size and the draft of the ice bodies, to the ssater

periodi( outflows or avalanches of turbid fresh depth, to changes in water depth, and to the
water might under-rUn the nearshore salt water, strength of the bed material Furrow,, are cor-

laying down sediments at a rapid rate with fresh monly of the order of 1 m deep, with a tendeni

or brac kish water in the pores. for maximum furrow depth to increase ith

From what has been discovered so far in the water depth, or with the draft of the i(e that

Beaufort Sea, it appears that the top of ice- makes the furrow (Fig 1) Maximum recorded

bonded submarine permafrost is commonly tens furrow depths have been giv en as 5 5 ni for the

ot meters below the seabed in relatively shallow Alaskan Beaufort Sea, 4 5 m for the Chuk( hi Sea

water beyond the 2-m depth Further out to sea and 10 m for the Canadian Beaufort Sea"

in the deeper water, the top of bonded per- (Hopkins et al 1977). The width of a furrow (an

mafrost can be more than 100 m below the sea- range from less than 1 m to about 100 m, de-

bed In the Mackenzie Delta and some other pending on the width of the keel that (lid the

parts of the Canadian continental shelf, drilling gouging. Widths are commonly 30 to 40 m Fre-

reurds indicate that the top of bonded per- quency of furrows (number per unit width ot
mafrost (an be hundreds of meters below the transect) tends to decrease with increasing water
bed, even under shallow water. depth, and there is an inverse correlation be-

There are indications that a shbillow layer at tween frequency and furrow depth Gouging
the seabed may become partly ice-bonded on a seems to be very frequent and widespread in
seasonal basis, perhaps because of seasonal water less than 7 m deep, but the resulting fur-

changes in the basal water temperature. rows are typically less than 0.5 m deep and they

At some drilling sites on the Alaskan shelf, tend to become obliterated by wave action
deposits of over-consolidated clays and muds (Kovacs 1972). In the Beaufort Sea, significant
have been encountered. Perhaps the most con- gouging seems to be most intense in a range of
vincing explanation for these occurrences is one water depths from 10 to 20 m. This zone
which invokes freeze-thaw cycling during separates the land-fast sea ice from the freely
periods when migrating barrier islands passed moving pack ice, large pressure ridges form, and
over the sites, the water is shallow enough for them to ground

frequently, forming furrows that are commonly

Ice gouging more than I m deep Spacing between furrows
Much of the seabed off the northern shores of may be of the order of 100 m

Alaska and western Canada has been subjected The directions of furrows are related to wind
to widespread gouging by ice. The bed sedi- and current directions, with dominant patterns
ments are furrowed into distinctive patterns, and for an area reflecting the direction of local ice
in some areas it seems likely that the upper drift Off the north coast of Alaska, the domi-
levels of the sediment layer are completely this 10-mdeep gouge was, under 75 m of water (Pelletier
reworked by furrowing every few decades. and Shearer 1972). and mas have been a relic trom earlier
Gouges are also found in other coastal waters times (ee Kovacs and Mellor 1974)
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nant direction is parallel to the coastline, with then lay the line into it Alternativelv, the line
ice movement in a general westerly direction. can be laid, and the trench excavated beneath it

In some ways, ice gouging is comparable to later Another technique is diret plowing n dur-
the gouging that can result when a large anchor ing the course of the laying operation In some
drags Figure 2 gives an impression of the circumstances it may be feasible to lay the line
penetration depths for large anchors set in un- in a driven tunnel
frozen sediments

Protection of unburied pipes and cables

Seabed erosion by water jets Unburied pipes and cables are protected by
In the western Arctic, bed sediments under adding armor or cover that increases effe(ti\e

shallow water can be eroded by vertical water weight and strength (Fig 3). and also tends to
lets elected from a flooded ice canopy. Heavy deflect anchors, trawl boards, and su( h like This
sprii,, runoff from rivers (eg. Mackenzie, Col- approach does not seem very appropriate for
ville, Kuparuk, Putuligayuk, Sagavanirktok) can protecting against serious ice forces, but the
flood over the sea ice, causing it to be submerg- main variants are listed below, and summarized
ed to a depth of a meter or so As the ice tries to in Figure 3
rise under buoyant forces, water has to be 1 Standard concrete weight coating on pipes
transferred from above to below, and in an in- An annular ballast coat of unreinfor(ed (on-
tact ice sheet there are seal holes and cracks to crete, applied either by casting or guniting, pro-
provide drains Low pressure lets are thus form- vides protection against current action, and par-
ed, and sediments that are not too far below the tial protection against some strikes
ice (an be jetted to form pits or trenches The 2. Shaped weight coatings on )ipes
buoyant force gives a let nozzle pressure of the Trapezoidal weight coatings of unreinfor(ed
order of 1 4 kNm' (02 bf/in .') and a nozzle concrete are used to minimize the effe(ts of cur-
velocity of about 1 7 m,'s (5.5 ftis) Power levels rent forces They can improve protection against
are low, but high flow rates can be achieved with minor strikes, and modifications might lead to
sufficiently large holes (holes less than 2 ft in further improvement of strike protection.
diameter give fractional horsepower and flow 3 Concrete armor on pipes It has been pro-
rates of a few thousand gallons per minute; posed (Brown 1972, 1973) that concrete pipe
above about 2 ft diameter, power levels exceed coatings might be made from high strength con-
1 hp and flow rates exceed 10,000 gal/min). The crete or reinforced concrete
diameter of the jet determines the depth to 4. Iron or steel armor Cast iron split-pipe sec-
which it can reach, and the diameter of the tions are fitted around existing cables for protec-
resulting scour pit. The limit of effective reach tion against wave and current action, both with
would not be expected tu exceed about 10 noz- and without rock anchors It has been suggested
zle diameters from the underside of the ice that pipelines might be armored and ballasted
canopy by adding steel to the shell, without use of any

Protection methods concrete (cables are manufactured routinely

Protection arrangements for undersea with integral armor).

pipelines and cables fall into two broad 5. Reinforced concrete covers. Pipelines can

categories: a) protection added to unburied be roofed over by laying sections of reinforced

lines, and b) burial of the lines, concrete on top of the pipe The covers can be

Unburied lines can be protected in a variety of half-cylinders, arches, or flat-topped sections

ways. One way is to lay line that has an armored with sloping sides.

sheath already fitted. Another method that is 6. Rock berms. Rock berms have long been

sometimes used to protect cable is to fit iron used to protect pipelines from wave action in

split-pipe around cable that is already layed. surf zones, particularly at sewer outfalls Under-

Another technique involves placing of heavy sea pipelines -an be protected by using graded

reinforced concrete covers over the line. Finally, fill and riprap. Protection against anchors or

there is the well proven method of placing a against ice is improved by having gentle side-

berm of rock fill over the line. slopes and large riprap

Burial can also be achieved in a variety of
ways. One way is to excavate open trench and
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Ordinorl High-strength Reinforced

Soaiasted pipe wilth reinforced concrete covers Bollosted pipe with d'fferent concrete coatings

Hteavy Rprop

GranlarTrapezoidal Reinforced Concrete

Boliasted Pipe Concrete Cooting Armor

f igure J Protection arrangements for unburied underwater pipelines.

Protection by burial ing or for gold and tin mining can be used tor
It is generally conceded that burial provides trenching in water that is not too deep

the best protection against most of the hazards 6. Suction dredging. Simple suction dredges
that threaten pipelines and cables, both on land powered by surface pumps can be used to
and under the sea. With favorable soil condi- remove loose sediments in water that is not too
tions, burial may also be the most economical deep. Capabilities can be enhanced by
protection, but with hard bed conditions, burial dragheads, jets, and booster pumps
can be prohibitively expensive using existing 7. Trenching with conventional cutterhead
technology. dredges. Floating dredges with boom-mounted

The following list gives the main techniques cutterheads and suction can be used in fairV
that might be considered for burying pipes and shallow water.
cables underwater. 8. Low pressure water jetting. Water jets

1. Trenching with shovels or backhoes. Large operating with high flow rates at pressures up to

backhoes and shovels are mounted on barges for about 20 MN/m2 (3000 lbf/in. 1) are widely used
digging and dredging in relatively shallow water. for burial of pipelines and cables in water of any
Experiments have also been made with a small depth, provided the bed material is reasonably
backhoe mounted on an underwater bulldozer. loose.

2. Trenching with draglines, clamshell grabs, 9. Bottom-traveling cutterhead dredges Cut-
and drop-tools. Buckets and other tools on ca- terhead machines that travel on the bed, either
bles can be used for digging and dredging in on an independent carriage or on the pipe itself,
deeper water. have been developed for pipe burying.

3. Plowing and ripping from surface vessels. 10. Explosive methods. Hard rock bed is usual-

Plows or rippers can be towed from the surface, ly broken with explosives before excavation. The
either for the first stage of trench excavation or chief methods are drill-and-blast, and shaped
for direct burial of the pipeline or cable. Jets of charges. Shaped charges and string shooting are
water or air can be incorporated to enhance per- sometimes employed for excavation of -softer
formance. materials.

4. Plowing, ripping or blading from seabed 11. Novel methods. A variety of novel techni-
machines. A number of experimental seabed ques are potentially applicable to undersea

vehicles with independent traction have been trenching. They range from simple hybrid
built, some specifically for excavation work. modifications of well-tried devices, to truly ex-

5. Trenching with ladder dredges. Bucket- otic concepts requiring major development ef-
chain dredges of the kind used for harbor dredg- forts.

10
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Backhoe digging the usual spacing between teeth, the a tl
Dipper dredges were formerly barge-mounted tooth for(es are almost twice the ,alues uLst

power face shovels of the cable-operated type given Unit forces of this magnitude are higl
I* ... . • W ith cable "quipment fast becoing ob'solete, (omparT'd ith tNvj :Zal fc ?es extrcd n\ high

hydraulic backhoes mounted on barges are speed drag bits on large rotar, drills. r,k
becoming accepted as perhaps the most ver- cutting mat hines. and mining md( hines
satile and effective dipper dredges I he short-term produ( tion ratev o a ba khot'

A typical hydraulic backhoe has a boom ("up- working on land depends primaril, on tht. digg
per arm"), a dipper arm ("forearm"), and a buck- ig ( onditions, the depth ot (t, nd the angh. ot
et or dipper ("hand") There are three horizontal s"ing Digging (onditions in( lde the inp 1)1iat
pivot axes: at the base of the boom ("shoulder"), strength and toughness of the ground, the ds'ni
at the junction of the boom and the dipper arm tv and bulking tat for, and ans other things that
("elbow"), and at the junction of the dipper arm aftec t the rate at whic h ground can he dis(ingag
and the dipper ("wrist"). Pivoting about the axes ed and loaded into the cipper Prudlu( tion rate
is forced by three sets of hydraulic actuators the de( reases with in( reasing depth of ( ut and with
boom cylinders (typically a parallel pair), the mi reasing angle of sWing tor the clumping part
dipper arm cylinder, and the dipper cylinder ot the work (, ( le The duraton of one ( ,( le is
Digging is accomplished by extending the arm, (ommon l about half a minute f-igure 4 gi\e'
sweeping the dipper through an arc back to- son-t' representative data for short-term )roduc(
wards the machine, lifting the loaded dipper, tion rates on dr land
and swinging the entire machine about a vertical Ordinary tracked bakhoes (an work in shal-
axis for dumping Important characteristics are low water without modifi( ation, provided that
the horizontal reach, the vertical depth, ard the good maintenance procedures are followed to
lift height avoid bearing problems in the track svstem In

Backhoes are usually rated according to the water that is more than a few feet deep at iow
maximum size of dipper, or bucket, that can be tide, it becomes necessary to mount the back-
handled. Size is usually given in volume units as hoe on a barge, and to stabilize the barge with
the heaped capacity of the bucket (which is some system of legs, spuds or anchors To
greater than the actual volume, or struck capaci- achieve maximum digging depth with a given
ty, of the bucket) Rated capacities of existing machine, the backhoe could be mounted in a
production machines range up to about 5 m( 6 .5 well on its barge or pontoon. For underwater ex-
yd') On any given machine, an extra large cavation the operator is usually digging
bucket can be used for easy digging in low densi- "blind,' although he can be aided by simple con-
ty material, or a narrow bucket can be used for trol indicators.
digging in tough materials. Large backhoe dredges should have no great

Installed power ranges u~p to about 750 kW difficulty in trenching submarine sediments, in-
(1000 hp). Gross machine weight ranges up to cluding those that are partially ice-bonded On
about 135 tonnes (150 tons). dry land, backhoes can dig some types of frozen

The maximum digging depth for standard ground without prior blasting. The frozen soils
machines ranges up to about 12 m (40 ft). that can be dug by backhoes include marginally
However, dredging modifications have been frozen materials at temperatures close to OC,
made that increase the depth capability to about soils with low ice content, and frozen layers that
17 m (57 ft), Depth is measured from the level of are underlain by unfrozen material. However, in
the machine's track pads to the working limit of compact soils that have high ice content, back-
the dipper teeth. hoes are not really effective at very low

The cutting teeth set into the lip of a backhoe temperatures. In the so-called "TAPS tests" that
bucket can exert very high tangential forces,* were conducted in Alaska prior to construction
especially when narrow buckets are used on of the first oil pipeline, a Koehring 505 heavy
large machines. With standard buckets, the
force per unit width of bucket lip is in the range
120 to 200 N/mm (700 to 1100 lbf/in.). With nar- fCuttin force termnolog l used here is c onstent with that

defined ina recent monograph on (uttm Kg tools (Mellor 1977)

row buckets, the force per unit width may be up It may differ from terms used by backhoe manufaturer or
to about 300 N/mm (1700 lbf/in.). Accounting for operators
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Figure 4. Production rates of hydraulic backhoes working in common materials
on land (data taken largely from Koehring Estimating Manual).

backhoe was fitted with back-rippers and tested operate to very great depths, but control pro-
for trenching in frozen ground. It dug 7-ft-deep blems increase as the operating depth increases.

trench at a rate of 0.21lineal feet per minute (0.06 Conventional lattice-boom draglines are

m/min). In later tests sponsored by Koehring, the crawler-mounted cranes that "throw" a scraper
505 dug frozen silt at rates up to 126 ftl/min (3.6 bucket and fill it by dragging it back towards the
ml/min), and frozen gravel at rates up to 9 machine. They are capable of long horizontal
ftl/min (0.25 ml/min). These rates are extremely reach, but the depth for effective operation is
low compared to the rates attainable in loose limited. They work best in loose weak materials

and weak materials. Typical machines range in weight up to about
In recent years there have been a number of 100,000 kg (220,000 [b), carry booms up to about

attempts to develop and introduce underwater 40 m (130 ft) long, and handle buckets up to
bulldozers, which can also be fitted with about 5 ml (6 yd') in nominal capacity. There
backhoe attachments. The Komatsu underwater are, however, some gigantic draglines used in
bulldozer was fitted with a backhoe and trench- strip mining. The winching force of ordinary
ing tests were made. The machine dug ditch 1.o draglines ranges up to about 180 kN (40,000 Ibf),
mn wide and 2.5 m deep in loose saturated sand; and the maximum tooth force is up to about 100
after slumping, the open trench was 2.3 m wide N/mm (600 Ibf/in.). Representative production
at the top and 1.9 m deep. The production rate rates for short-boom draglines working on land
was 35 ml/hr, or 46 ydI/hr (K. Furumi, personal are given in Figure 5,
communication). There are also fixed draglines that carry the

bucket on a suspension cable. These are used for
conveying material from a stockpile to a loading

Wireline equipment hopper.
There are several types of wireline devices A conventional lattice boom dragline is not

that can be used for digging trenches. They in- suitable for digging in deep water, since the re-
clude draglines (scraper dredges), clamshell quired pulling action cannot be provided. How-
grabs (grapple dredges), and special drop-tool ever, a dragline bucket carried on an anchored
("orange peel") grabs. In principle, all can suspension cable could be used.
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Figure .5. Production rates of short-boom draglines working in common
materials on land (data taken largely from Koehring Estimating Manual).

Clamshell grabs are drop-buckets with hinged Plowing and ripping from the surface
jaws. They are mounted on cranes in much the Plowing is a standard method for burying
same way as dragline buckets. The bucket is cables, both on land and underwater. It is also
dropped with the jaws open so as to penetrate used for pipe burial where pipe diameters are
the soil, the jaws are closed by an actuator small, and plowing methods are being develop-
cable, and the loaded bucket is hoisted and ed for burying pipes of large diameter. Ordinary
dumped. A simple clamshell has two jaws, but plowing methods are usually confined to weak
there are also more complicated devices that unbonded soils that are relatively easy to
have several hinged segments. The latter type displace with a conventional moldboard. For
can be given a morp aggressive attacking edge, breaking a furrow in strong soils and weak rocks,
making them useful for digging and shaft-sinking it is necessary to use a ripper, such as is fitted to
in tough materials. Grabs are widely used for heavy crawler tractors for hard ground excava-
digging and dredging in fairly deep water, and tion.

for work in restricted areas around marine struc- Plowing and ripping involve relatively high
tures. In shallow water, say 6 m (20 ft) deep, the forces applied at low speeds, and various sup-
production rate of a 1-yd' (0.76-mi ) grab bucket plementary systems are used in attempts to
might be about 40 ml/hr (50 yd'/hr) in soft mud, reduce the horizontal force requirements. Soil
and about 20 m'/hr (25 ydl/hr) in clay. plows can be made to vibrate, or they can be fit-

Grabs have limited capability for digging in ted with air jets or water jets. Heavy duty rippers
weak rocks and blasted rock. have been fitted experimentally with gas-

One of the factors that limits production rate blasting nozzles, high pressure water jets, and
in ordinary dredging work is the time taken to percussive devices, but so far these auxiliary
hoist the loaded grab. However, in underwater systems have not found general favor.
trenching it may not be necessary to lift the grab In plowing through soft soils, the main con-
very far before swinging and dumping. sideration is the horizontal force component,
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which is usually much greater than the external bollard pulls of 15 to 30 lbt'hp, so that the
vertical force component when the plow is de- 100,O00-lbf force moved at 1 knot would call for

w , ... signed to dig itself in. In ripping, and in plowing tug power of 3300 to 6700 hp
through strong soils, the applied vertical force is Because force levels are high, and because
also an important consideration, since the conventional marine propulsion systems are in-
horizontal and vertical components can be of efficient for providing traction, there are inc(n-
comparable magnitude. Even under favorable tives to reduce plowing forces and also to utilize
conditions, the force levels for plowing can be more positive propulsion systems Of the various
formidable Without getting involved in details possibilities for reducing plowing force, only
of soil properties and plow designs, it seems that water lets and air jets have so far found wide ac-
the horizontal force per unit area of the furrow ceptance, although vibratory plowing has been
(ross-section is likely to be at least 10 lbf/in (7 adopted for cable burial on land For propulsion,
kN/m), and it could exceed 100 lbf/in.2 (70 winching against anchors is an obvious eXpe-
kN/ml). This translates to high force levels for dient, and in special circumstances it may be
furrows of useful dimensions, and there are dif- possible to winch from the shore or from land-
ficulties in transmitting such forces from a sur- fast sea ice.
face vessel or surface platform. A 10-in. gas pipeline was plowed-in beneath

Over the past 10 years, Bell Laboratories has Turnagain Arm, near Anchorage, Alaska The
developed a series of deep ocean cable plows contractor built a plow designed to penetrate to
for burying telephone cables in water depths to a depth of 5 ft, with the trench about I ft wide
3000 ft These machines are sleds that carry an The face of the plow was drilled to provide jets
adju-able plowshare and feed shoe; telephone of both water at 200 lbfiin I and air at 't)
cable is picked up ahead of the machine and laid lbf/ini. presumably to assist in loosening and
directly into the plowed trench. The sled is tow- flushing the soil. The plow itself was mounted at
ed by a surface vessel, which also lays cable im- the end of a 330-ft-long stinger boom, whi h per-
mediately ahead of the plow. The machines are mitted working in water up to 120 ft deep The
all designated "Sea Plow." The first, built in stinger was attached through a trunnion to a lay
1966, was Sea Plow I, while the latest is Sea Plow barge, which was about 250 ft long by 70 ft wide
IV. Sea Plow IV weighs close to 50,000 lbf (23 by 8 ft draft. The lay barge was winched forward
tonnes), and its furrow is 16 in. (0.4 m) wide by 24 to multiple anchors set by an attending tug, and
in. (0.61 m) deep. Towing forces are said to be of additional side anchors were used to stabilize
the order of 50,000 lbf (23 tonnes), although they the barge against the tidal currents, which reach-
could on occasion approach 100,000 Ibf (45 ton- ed velocities as high as 7.6 knots. In the middle
nes). These values are presumably for uncon- of the inlet, where the current scours the bottom
solidated sediments typical of the deep ocean down to the gravel layers, the plow was able to
floor. penetrate only 2 ft instead of the desired 5 ft

Simple estimates of underwater plowing Plowing from a surface vessel with the aid of a
forces based on soil properties have been made stinger or rigid towbar can be regarded as a prov-
by Rockwell (1975), who considered a plow with en technique. It is described in at least two
1-ft 2  (0.093-m2 ) frontal area cutting to 3-ft patents.
(0,91-m) depth. He found that a towing force of Another jet plow was used in the Anchorage
44,000 Ibf (196 kN) was required in clay, and that area to bury small diameter pipe in Cook Inlet.
8000 Ibf (36 kN) was required in cohesionless Brown & Root designed a plow that incorporated
material. These values are in reasonable agree- 300-lbf/in.' jets, with a total flow rate of 3000
ment with the Sea Plow forces. gal./min. There was also an air lift drawing 1500

Plowing usually takes place at low speeds, of ft 3/min. The plow was intended to have a max-
the order of 1 knot (0.5 m/s), so that the power mum pulling force of 75,000 lbf.
demand of the plow is not great, For example, a Also in the Anchorage area, Chugach Electric
force of 100,000 Ibf moving at 1 knot represents Co. acquired a Harmstorf jet plow for burying
only 307 horsepower. However, screw-driven cables beneath Knik Arm. The plow is carried by
ships are very inefficient pulling devices, large wheels, which are actually steel cylinders,
especially at low speed. Tugs that are optimized each 2 m in diameter and over 1.5 m wide. The
for pulling at relatively low speeds develop Harmstorf Company of Hamburg, Germany, has
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been ('eveloping and using let plows for many man submersible vehicle, the 'Globule' The
years Originally used for burying cables, some Globule (ips on to the tractor by electromag-
of the equipment can now handle flexible pipes netic connectors, and becomes the control (db
. p6 amor4 ttfin diameter let pressures are tor cable-trenching work The plow is said to he
believed to be in the range 100 to 180 Ibf'in I A (apable of working in clay, and even in (oral
large crawler-mounted machine built in 1972 The operating weight is 25 tonnes in air, and if)
had a hydraulic output of 1450 hp, requiring an tonnes underwater The ground pressure is 0 10
input driving power of 2500 hp for the pump. kg,(m, submerged The maximum drawbar pull

Very recently, R.J. Brown and Associates built underwater is not likely to exceed 1 3 tonnes
an underwater plow for cutting pipeline trench (28,000 Ibf) in good conditions (assuming ade-
in the North Sea, and buried 2.2 km of 36-in quate power)
(0.91-m) diameter pipe in 165 m of water in the An underwater tractor has also been built and
Statfjord Field The plow is 12 m long and weighs subjected to operational testing by Komatsu Ltd
50 tons The leading end is supported on rollers, It is of conventional form for a construction
and steel "disc harrows" serve as gauge cutters tractor, but has electric drive and pressure-
The trench it cut was 2 m wide and 1.1 m deep, sealed bearings The tractor can carry a variety
and the required 80 tons of pull was provided by of attachments, including a conventional three
a tug. R.J. Brown & Associates also plan to use a shank ripper capable of penetrating to a depth
similar plow to bury a gas pipeline for Panarctic of 0.61 m (2 ft) The operating weight is 42,300 kg
Oils Ltd. near Melville Island in the Canadian (93,250 Ib) in air, and 30,800 kg (67,900 Ib)
Arctic. For this job, the plow will be pulled by a submerged. This means that with adequate
winch set on the sea ice. power the drawbar pull is not likely to exceed

50,000 lbf (23 tonnes) when running on bottom
Plowing and ripping by self-propelled sediments The ground pressure when submerg-
seabed vehicles ed is 0.74 kgf/cml (10.7 ibfin. 2, which is rather

Self-propelled seabed vehicles of various high for operation over soft materials The in-
kinds have been built and used, but at present stalled power is 125 kW (168 hp), so that at 1
they are not at a very advanced state of develop- knot (0.51 m/s) the power also limits the possible
ment. Nevertheless, they have certain attrac- drawbar pull to about 50,000 lbf (23 tonnes)
tions for underwater plowing and ripping, pro- when drive train losses are taken into account
vided that adequate traction and vertical reac- Another experimental underwater tractor has
tion can be provided, been built by Hitachi Ltd. This machine has

Some idea of the required horizontal forces buoyancy tanks, but no technical details are
for plowing in soft materials has already been available to the writer.
given. In round terms, practical plowing opera- While bottom-crawling plows and rippers ap-
tions typically involve horizonta; forces in the pear attractive, there are substantial mobility
range 10,000 to 100,000 lbf for cable burial, and problems. The first problem is traction, which
perhaps 100,000 to 200,000 lbf for burial of fairly has already been alluded to. For any given
large pipes. Underwater ripping has not been us- material, net traction (or drawbar pull) is more or
ed to any significant extent, but if a conven- less proportional to vehicle gross weight, and it
tional single-tooth tractor ripper were to be used would be wildly optimistic to expect net traction
in tough soils or rippable rock, the horizontal to be more than 80% of the vehicle gross weight
forces might be in the range 50,000 to 100,000 unless bed conditions are extremely favorable. It
lbf, and the required vertical reaction on the rip- would not be unrealistic to set the target as low
per shank might be of the order of 30,000 Ibf or as 30% of vehicle gross weight for operation
more when starting a run. over a range of bed sediments. This means that

COMEX has built and operated a self-pro- very heavy vehicles (possibly carrying lead
pelled underwater crawler tractor that is fitted ballast) would be needed to develop very high
with a cable plow intended to bury cables up to plowing forces, and of course the track bearing
80 mm in diameter in trench that is 0.9 m deep pressure would have to be kept within limits to
and 0.1 mm wide. The tractor is electrohydraul- prevent sinkage in soft bottom. The second ma-
ic, and has no buoyancy tanks. Operators ferry jor problem is obstacle negotiation in coastal
to the tractor in a self-propelled lightweight two- waters where there is abrupt bottom relief, This
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again tends to call for large vehicles, or for ar- The size of a ladder dredge has traditionally
ticulated machines If the machine is required to been defined in terms of bucket capacity The
rip across rough bottom (ordinary plowing would capacity of a single bucket is in the range 5 ft' to
probablyv' ou't of thl questionon hard bot- "vr't (01"4 to over 1 4 m'), and maximum
tom), the ripper shank has to be stabilized in an belt speed is in the range 20 to 30 buckets per
approximately vertical plane minute, with a tendency for maximum speed to

decrease with bucket capacity The a(tuail
Bucket ladder dredges operating speed varies with the working condi-

Bucket ladder dredges (or dredgers) are used tions, maximum belt speeds are attainable in
1) for maintaining and increasing the depth of soft bottom material, but theN may drop to
navigation channels in harbors, rivers and ap- around 10 buckets per minute in stiff (lay and
proaches, 2) for producing sand and gravel from other tough materials Maximum operating
underwater deposits, and 3) placer mining of depths are commonly in the range 40 to 7S ft,
gold and tin Most consist of a hull carrying a but ladder dredges have reached depths up to
boom ("ladder") that can slide and pivot, in such 175 ft Data on ladder power are not readil
a way that digging depth and ladder angle can available to the writer, partly because the in-
be varied independently to some extent. A chain stalled power on a ladder dredger is often mu( h
of buckets runs along the boom or ladder, with higher than the power actually used for digging,
empty buckets descending on the lower side of especially on mining dredges However, a '.er,
the ladder, biting into the work as they pass rough idea is given by Figure 6, which indicate%
around the lower tumbler, and ascending to the that something on the order of 30 hp per cubic
upper tumbler for dumping. Most have a single foot of individual bucket capacity might be
ladder, although double ladder types have been reasonable for a fairly high-powered dredge that
built. can run its chain at 20 to 25 buckets per minute

In typical operations in soft material the buckets
might fill to about 85% of capacity, but they

(MW) (hp) could pick up less when chewing into tough
to' 1- material. Production rate can be estimated on

-othe basis of bucket capacity, filling factor, and
bucket speed.

Channel dredgers can work while stabilized by
anchors, but they cannot tolerate high seas Min-
ing dredges are usually stabilized by spuds
driven into the bed

It is worth noting that gold dredges were used
successfully in Alaska and the Yukon long ago

to -a The permafrost in which they operated was
Z 2 -- usually thawed or softened by steam points, but

they were capable of digging in bouldery gravels
and weak bedrock that would still create serious
excavation problems for small scale equipment.
It is believed that dredges are used for large-
scale permafrost excavation in the Soviet Union,
using widespread flooding to create a dredge
pond and thaw the ground.

iO-I _

-i Suction dredging
i0 0O' (ft3) Suction dredging, or hydraulic dredging, is the

,L. , 1 .1. basis of most modern dredging operations.
0-1 0(m3 ) Disturbed bottom material is sucked into a liftucket Capacity

pipe as a slurry, with concentration of solids

Figure 6. Ladder power as a function of bucket capaci- typically up to 20%, and transported to the sur-
ty for ladder dredges. face, usually by centrifugal pumps. Some
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Figure 7. Approximate output of suction

dredges as a function of pipe diameter and Figure 8. Typical range of pump power as a hunction of
discharge velocity, discharge pipe diameter for suction dredges.

dredges work by suction alone, like giant (Fig. 7) * The useful output is reckoned in terms

vacuum cleaners, but there is usually some kind of the volume of solid material that is pumped
of head designed to loosen the bottom material this can be estimated if the volume concentra-
for transport. The major types are: a) dustpan or tion of solids in the flow is known. The required
draghead dredges, which carry a broad suction pump power is proportional to the flow rate and
head that may be equipped with teeth, scrapers, the total head, and therefore it can vary within
or jets, and b) cutterhead dredges, which carry a quite broad limits. Figure 8 gives a general im-
rotating mechanical cutter at the end of the suc- pression of pump power as a function of pipe
tion pipe. Only the suction function will be dealt size for typical operations, Power demands in-
with in this section, and cutterheads will be crease for high rate dredging in unusually deep

treated separately. water, where booster pumps (centrifugal pumps

The size of a suction dredge is usually or jet pumps) are needed. Although dredging
denoted by the diameter of its discharge pipe,
which can range from about 8 in. to 36 in. The Available data suggest that discharge velocity is tvpicall%, in
product of discharge velocity and pipe cross- the range 1 to 4 ft/s However, tables published bv Huston

section area determines the output of the dredge (1970) give the range as 10 to 25 ftis, which seems vers high
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tends to be a shallow, water operation. sand and A ( utterhead dredge depe'nds on both the Lit
gravel ma, be pulled from water more than 100 tion tufn t(n, %% hit h Liu,,al, (Oistiit., Most t
ft deep, and in Europe there are vessels capable the power. and the (u tting ftin( titn H0%%vt,.er
of working in water up to 230 ft deep produ( tion rate tends to be set bN the utter In

S.eri, ,,oit 4natliial, the ro-d,, tion ral t' ( A; hk.,
about 50% ot the flos, rate in the su ttion timt

whereas :n hard soil it ma, he about 10o ot th.
Conventional cutterhead dredges tlow rate

The conventional floating cutterhead dredge
is a suction dredge that has an axial-rotation cut- Low pressure water jetting
ting device mounted at the intake of the suction Lovw pressure water jets are wi,%deh ustd for
line The Suction line and the cutterhead are burying undersea pipelines and (abhle, i ohf

mounted on a pi,,oting boom known as a 'lad- sionless bed materials In this ontext the term
der '' The ladder assembly is carried by a barge, 'low pressure' implies nozzle preSOrt., up Ii
which supplies power and transfers the spoil to a about 3000 Ibf in " as distin t from the S er\ hi,4h
discharge line The barge is stabilized for work- nozzle pressures (10.000 Ilt in " to nure th,.
ing by spuds and ror anchors The cutterhead 100,000 Ibf in ) that are used serult'rrt , i S

dredge is highly versatile, being able to excavate rock-c utting There are \ariou %%a\I ot uM hLn 1 ,%%
tough deposits as well as loose sediments; cut- pressure lets , including the tollos, ig
terheads can dig clays, coarse gravels, coral, and 1 Simple lets to dislodge and remr\.o (Il
weak rocks Some cutterhead dredges are b, blowing it away
shallow draught vessels that can be disassembl- 2 Simple lets to fluiCie the soil h'nt'ath a
ed for transport andior custom modification heavv pipeline or cable

The cutter typically consists of a set of spiral 3 Combinations of water lets and i(m

blades combined into a "basket" that rotates on pressed air jets
the end of a propeller shaft In general form it 4. let disaggregators on the head ot i m
can be compared to the ripping booms and tion dredge
roadheading machines that are used in 5 Jets added to mecharm al plows
underground mining. The basket of a cutterhead
may be of "closed nose" or "open nose" design, Pure let devices are carried on Nome kind ot
and it may be fitted with replaceable blade seabed vehicle This can be a sled or (a rra age
edges or cutting teeth Another type of cut- traveling along a pipe or along the bed it w't, or
terhead, known as a "straight arri'" cutter, con- it can be a small submarine The povwer demand,
bines a set of straight blades to form a frustum for jetting are often very high, so that pumpns and
of a cone Closed nose baskets are typically used prime movers are usually carried on a surta( v'
for digging loose materials, while open nose vessel In the pipeline industry, spe( al burs
baskets and straight arm cutters provide more barges" are fitted out for jetting 1 he presure
aggressive action in hard materials, capabilities of bury barges have tended to ii-

Cutterheads are up to about 12 ft in diameter, crease, from nozzle pressures originally around
and they rotate at 10 to 30 rpm, with bigger 300 Ibf/in.2 to pressures of 3000 lbf.'in 2o sonie
heads turning at lower speeds. Cutter power can new equipment Some of the lets used or
range from a few hundred horsepower to more fluidizing loose soils under heavy pipes and
than 2000 hp On older dredges, the head is turn- cables can operate at very low pressures, down
ed by direct shaft drive from a geared electric to about 20 lbf/in
motor on the barge The shaft is carried inside With large nozzle diameters and nozzle pres-
the ladder in special cutless bearings. On new sures above 1000 lbfiin ', the power demands of
dredges, submerged hydraulic motors (or even a jet system ca, n become quite large Figure q
electric motors) may be mounted near the cut- shows the hydraulic power and the flow rate as
ting end of the ladder. Ladders range in length functions of nozzle pressure for a range of noz-
from about 25 ft to over 150 ft, and they are zle diameters.

usually operated at angles up to about 450 from
the horizontal.
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Rockwell (1975) has examined the power re- A recent s\,stem intended stri(tIN for pipe

quirements for actual letting operations, and burial is the Kvaerner-M ,ren tren(hing tern
found that for each ft'Tmin of excavation rate developed in Norw aN A seabed unit designed
the required power level ranges from as little as for bur\,ing pipes at depths up to St) m i,

0.4 hp to an average upper limit of 11 6 hp Put- operated trom a 000-ton mother ship The
ting these values in terms of specific energy, 50-ton under\,ater unit has ontrolled-buoam\
they translate as 92 to 2660 Ilbf in 1. which does spheres, and wiheels for guiding it along the pipe
not seem particularly favorable in comparison The cutterhead has a diameter of 5 9 ft. and it
with the specific energy for processes that rotates about a vertical axis at 30 to 40 rpm Pro-
employ direct mechanical attack tected trenching speeds are expeted to be

With reference to bonded subsea permafrost, highest in clay (up to 500 m hr). and less in sand
it might be mentioned that low pressure water The umbilical is 750 m long Although the
jets were used for sluicing, or "hydraulicking," developers do not mention it. a vertical axis slot
banks of frozen overburden during the heyday miller of this kind will tend to veer oft from the

of Alaskan gold mining. Low pressure water jets trenching line, since the Cutter develops a forte
were produced by firehose monitors under component normal to the direction of travel
hydrostatic head They were played on the over- (this will be obvious to anyone who his used a

burden of the gold-bearing gravels, often against router)
vertical faces, and the material was slowly cut The problem of side torte on a verti(al-axis

away by a combination of melting and weak slot miller can be avoided b\ uising a pair oft
mechanical action. Slightly warmed water could contra-rotating cutters An undervater pipe,
presumably be used against subsea permafrost burying machine of this kind was the sUble( t (i a
as a matter of expediency, although there is little patent by C F Martin This (ontept %%a',
that is inherently attractive about the idea for developed by Oceanoni(s. In( into a working

general use because of the low rates of working. machine called the Mole, or Seamole I he
original mole buried 16-in pipe (21-in -OD atter

Bottom-traveling cutterhead dredges coating) in cla, (strength 200 Ibf ft ' ) at a rate ot 2
Although conventional cutterhead dredges ft min. The trench "as 3 ft deep, 2 ft %ide at the

are effective and versatile machines, their opera- bottom, and 5 ft wide at the top Cutter power
tions are limited by water depth and by sea was supplied by two 160-hp diesels. which Sug-

state. One solution to these problems is to use a gests that the hydraulic motors w,ere around 100
cutterhead unit that travels on the seabed hp each Maximum operating depth for the first
without a rigid connection to the surface vessel, model was 200 ft A deep water version usable to
The seabed vehicles that carry cutterheads are 600 ft was later developed This had a capabilitv
usually sleds or carriages that either ride the for burying 42-in pipe A prototype is said to
pipe or travel independently on the bed. They have buried 12-in pipe in Alaska, but reports are

may be provided with controllable buoyancy to confusing and inconsistent ("North Slope.'
regulate the effective bearing pressure or to pro- "25-ft tides") This machine is said to have cut

vide flotation for retrieval. Traction may be pro- through frozen glacial till in the tidal flats, which
vided by crawler tracks or by cable tow, either seems unlikely.
from the surface or from kedge anchors. A pipe-riding burial machine with twin (ut-

Other approaches to the problem of wave terheads has also been developed by Sub Sea Oil
motion are being studied in Europe. One idea is Services (SSOS), a joint venture of Shell Italiana
to have bottom-crawling structures with towers and Micoperi. This machine, the B70, has its Cut-

rising above the water surface. Another design ters revolving about horizontal axes that point in
that has recently been studied in detail by IHC the direction of travel Driven by a 10-hp
Holland employs a large walking platform to hydraulic motor, the cutters will handle soils,
carry a fairly conventional cutterhead ladder. but they cannot cope with debris or hardwood
Two connected pontoons are supported by four There are several machines, or conceptual
pairs of jackable legs that allow the platform to designs, that use a cutterhead on a swinging arm
"walk" with 3-m steps in waters from 4 to 15 m SSOS has a large swinging boom cutterhead

deep. The 2000-hp cutterhead can sweep across trencher, designated the S/23 This machine is 59
a width of 65 m, and it is expected to be capable ft long. with a weight of 50 tons submerged and
of tackling weak rocks. 61 tons in air. It has variable buoyancy, and
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travels on the seabed by winching two cables machine has full adjustable buoyancy Max-
from anchor points It is designed for cutting imum submerged weight on the crawler tracks is
very large trenches - 91 to 14.75 ft wide, 0 to 30 metric tons Maximum size of pipe that can
8.25 ft deep per pass The operating water depth be buried is 5 25 ft, and maximum digging depth
limit is 200 ft The operator's capsule and the is 13 ft. Maximum soil strength for effective
machine room are maintained dry at surface at- operation is 700 lbf in ', and maximum water
mospheric pressure Power is electrohydraulic depth is 650 ft Drive systems are elec
The cutterhead is supplied by a 60-hp electric trohydraulic, with 3-kV line power supplied by a
motor which drives a hydraulic pump and 1300-hp diesel-electric plant on the surfaev
hydraulic motor (usable head power is therefore vessel.
probably about 40 hp). Another machine built in Italy was the Saipem

A swinging boom cutterhead mounted on self- "Ponga." a submersible cutterhead dredge with
propelled crawler tracks was built under spon- four inclined-axis milling drums It was intended
sorship from the Japan Society for the Promo- for burying pipes up to 60 in diameter in water
tion of the Machinery Industry. The machine depths to 200 ft (with provision for extension to
weighs 66 tons in air (55 tons submerged), its 500 ft) The design was considered by this writer
overall length is 38 ft, and its total width is 16.4 for possible application to arctic problems
ft The cutter diameter is 2.3 ft, and it has a 30 hp The machine consists of a 40- X 26- x 26-ft tow-
electrohydraulic drive Maximum trenching ed sled fitted with four cutter drums, each
width is 26 ft, and maximum trenching depth is driven by 80-hp hydraulic motors The sled strad-
almost 10 ft Submerged bearing pressure of the dles the pipe, and the drums cut the trench pro-
150-hp electrohvdraulic crawler tracks is 10.7 file, while cuttings are flushed and fluidized by
Ibf/in 1. The machine, which is intended to water jets. Fluidized cuttings are sucked away to
dredge sand and clay, has sophisticated systems the lay barge above by four 800-hp pumps
fur control, guidance and monitoring. Power transmission is direct hydraulic

Another self-propelled crawler with an ar- Estimated excavation capacity is 315 to 360
ticulated cutterhead dredge boom was designed ft3 /min. During tests in stiff clay (shear strength
in France by Groupement EPM on behalf of 2,500 lbf/ft2, or 17.4 lbf/in.') the machine cut
several companies and a government agency. A trench at 3.5 ft/min, with a cross section 12 ft
complete machine has not yet been built. This wide at the top, 6 ft wide at the bottom, and a
machine, known as the Tango, was intended in- depth of 8 ft. This gives an actual excavation
itially for cutting trench 7.5 ft deep in water rate of 252 ft'/min, If it is assumed that the
depths up to 500 ft. Maximum pipe diameter was hydraulic motors on the cutter drums were
expected to be 44 in. Overall length of the developing full power, the specific energy con-
machine is 70 ft, total width is 27 ft, and the sumption for cutting (excluding fluidization and
weight in air is 185 metric tons (204 short tons). removal of cuttings) was 291 lbf/in.2 . While this
There is provision for adjustable buoyancy, but appears to be a favorably low value when com-
planned track weight in water is 40 metric tons pared with some of the values quoted for
(44 short tons), Cutter power is 360 hp, crawler various devices working in permafrost, it should
power is 130 hp, pump power is 360 hp and jet be related to the strength ot the material being
power is 180 hp, for a total of 1030 hp. Drives are cut. By this token the cutting performance of the
electrohydraulic with line supply at 5.5 kV. Ponga is not impressive: the dimensionless per-
Design progress rates are 360 ft/hr in sand and formance index, for what it is worth in this case,
160 ft/hr in clay. The cutterhead is 5.9 ft in is 8.4, which means that the machine is about 30
diameter and 3.9 ft long. Control by an operator times less efficient than a good modern mining
inside a dry capsule is planned for the first or tunneling machine. However, this is probably
machine. not of much concern when the pumps of the suc-

A large twin boom cutterhead crawler has ac- tion dredge account for ten times as much
tually been built and operated by Technomare power as the cutter motors.
in Venice. This machine, the TM-102, is 72 ft long In considering the Ponga in relation to arctic
with its booms extended, and 46 ft long with conditions, it might be kept in mind that frozen
them folded. Total width is 39 ft. Total weight in gravel'at - 20 C could be about 25 times stronger
air is 190 metric tons (209 short tons), and the than the clay for which the Ponga was designed,
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but this does not necessarily mean that such Explosive methods
designs could not be adapted for the Arctic - Explosives pro,,ide the standard expedient ;or
much of the submarine permafrost is probabl, breaking rock that is too strong tor ex( a, ation
only weakly bonded, or perhaps not bonded at by continuous cutting The pra. ti al te( hnolog,
all near the water interface. is well developed and asailable tor ininiediite

The Demag Company of Duisburg produced c, application
design for a seabed miner that was supposed to Conventional explos,.e methods tor trem hing
be usable for trenching. The crawler unit was in- involve the basi drill-bast inu I (he
tended to operate at water depths down to whether the work is on land or under the sea
16,000 ft. and most of the machinery was to be I here are two general approa hes One relies (n
enclosed in a pressure hull. For trenching, the the drilling of small diameter shotholes in a par
machine would have a cutterhead mounted on a tern such as parallel lines with paired holies or
slewing boom 33 to 50 ft long, permitting ex- with a staggered middle line (' 5.spot I ht,
cavation across a 65-ft swath other is based on (rater blasting, w,ith a singli

In 1970 the Northrop Corporation made a rovv of charges set in shotholes of relatiselN large
design study for a seabed excavator on behalf of diameter
the U S Navy Civil Engineering Laboratory The Shotholes have to be drilled to at le.a.t the re
machine was intended to excavate at rates up to quired trench depth and probabhk a toot or so

25 yd'/min at water depths up to 6000 ft All- deeper Small diameter holes (an he drilled
aluminum construction kept weight to 30,000 underwater with hand-held dlver tools, but for
Ibf The running gear consisted of two Sno Cat sustained produc tion more substantial nai hines
pontoons (the original open-ladder type) with a are needed Conventional track-mounted
bearing pressure of 0.3 Ibf/in.1. The excavating pneumatic drills have been used suc(essfulIy to
function was performed by a cutterhead dredge drill small diameter holes for undersea wsork.
on an articulated boom. Drives were all electric, although special modifications or procedures
with 5 hp going to the cutterhead, 17 hp going to are necessary. The US Navy Civil Engineering
traction, and a total installed power for all func- Laboratory has modified a conventional Wor-
tions of 54 hp. The vehicle was 25 ft long by 20 ft thington percussive rock drill to provide corro-
wide, with an overall machine length (boom sion protection, sealing of bearings, hydraulics
folded) of 49.5 ft. Supply line voltage was 2.4 V. and pneumatics, and high visibility In the UK ,a
It is instructive to compare this feeble design conventional Ingersoll-Rand percussive drill has
with the brutes that have actually been put to been used successfully without modification by
work by ocean engineering companies. relying on scrupulous preventive maintenance

In the mining industry there are various boom- after every working shift. In shallow water, drill-
mounted rotary cutters, known as roadheaders, ing is often done from the surface, using barges
that are used for driving tunnels. One common or platforms that have extendable legs A sur-
type, known as a "PK3 type" after the Russian face system would probably be needed to pro-
machine from which it derives, has a conical cut- vide large diameter holes (6 in. or bigger) for
ter rotating axially at the end of a slewing boom. crater blasting with cheap bulk explosives.*
The general form of the machine is very similar Hole stability is a problem in underwater
to a cutterhead dredge, and to the bottom- work. In soft materials or friable rocks, holes
traveling variants of cutterhead dredges. It need to be cased or to be loaded immediately to
could obviously be adapted to a hard bottom avoid loss by slumping or blockage.
cutterhead. Another type of roadheader has a Small diameter holes (2 in. or less) would
cutter drum that rotates about an axis that is nor- usually be loaded by hand with traditional solid
mal to the boom axis. There are also roadhead- explosives, such as dynamite, or equivalent
ers with two or more cutting drums, or with cut-
ting drums that traverse along a rotating beam. One possibility for frugal crater blasting is spring hole

machines have been modified for civil loading A small diameter hole is drilled, and a camouflet
These mchamber is blasted at its base with a small charge The
engineering use, mainly for driving tunnels chamber is then loaded with liquid or slurry explosive to pro-

through the weaker kinds of rock. vide a cratering charge Design data are available
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modern cartridges. Special packaging of car- Shallow pipeline ditches under rivers are

tridges might be desirable, especially if delay sometimes blown in soft materials or weak rocks

deck charges were to be used. All-electric initia- by charges attached to a cable and laid directlv

tion of a multiple hole round can produce a on the bed This is referred to as string shooting

jungle of leg wires, so that non-electric methods There are various rules of thumb for string
might well be preferable. With closely spaced shooting, some expressed in odd forms One that
holes underwater, there is a strong possibility of has been widely used can be boiled down to an

"flashover" Misfires are also common, and expression for charge weight per unit length as

some blasters double the charge weight to com- kd ' , where d is water depth With unit charge
pensate f, r possible rr.isfires. weight in lbift and d in feet, k is in the range

Large diameter holes can be loaded with 0.043 to 0.086.
water-resistant bulk explosive using some kind A variant of string shooting employs a con-
of mechanical charger. However, diver control tinuous hose charge or a series of long sausage
would probably still be necessary. With a row of charges. This variant is more practical and
single crater charges there will usually be a large economical now that cheap sensitized slurry ex-
amount of overbreak to the sides of the row, but plosives are readily available
unbroken humps may be left along the bottom Shooting at zero depth of burial is extremelk
between shot points, inefficient in air (as much as an order of

Required charge weights for trench blasting magnitude less efficient than optimum depth
on land can be estimated for a wide range of shots) Confinement by water ought to improve
materials,* but comparable estimation for the situation, at least for soft materials, but the

underwater work is still a black art. One rule of gas bubble (which represents most of the ex-
thumb used in Europe calls for the dry-land plosive energy) will still be unable to do much
charge weight to be increased by 1% for each 1 work on hard rock.
m of water depth. However, the usual expedient The other way to avoid the need for shothole
is to determine loadings on site by trial and er- drilling is to use shaped charges, either the usual
ror For blasting row craters, the simple cube radially symmetrical charges or linear shaped
root s( aling that is so successful for small scale charges.
work on dry land may not work too well, as Shaped charges provide the standard military
gravity body forces are highly significant under- expedient for penetrating concrete, rock, steel
water and hard ground. They have not so far found

Some companies (or agencies) from time to wide industrial application, except for a few
time promote the idea of using explosives to special jobs such as tapping blast furnaces,
both break the ground and expel the broken piercing well casings, etc. However, shaped
material This procedure is usually given some charges have been used to provide shotholes in

jazzy name like "blow and go." It seems unlikely underwater blasting operations where divers are
that such a procedure would produce con- used. They have also been used in large numbers
sistently satisfactory results underwater, so that to shoot underwater trench, using special frames
provision has to be made for cleaning out the to lower and position the charges.
blasted trench. The standard conical shaped charge forms a

On land, blasted trenches are usually mucked jet by shock wave interaction and thus
out with a backhoe, and in shallow water a penetrates hard materials (this is known as the
similar operation might be feasible. In deep Monroe effect). The jet pressure far exceeds the
water, mechanical removal of blasted rock yield stress of any material, and it carries along
could be awkward unless there is good fragmen- with it the metal of the core liner, both in the
tation. With good fragmentation, a suction form of a spray of metal particles and in the
dredge, eductor, or air-lift might be usable. form of a central "slug." The largest shaped

charge in normal military use is the M3, which is
*Crater blasting and bench blasting on dry land can yield 10 nominally 40 lb and actually contains 30 lb of
to 60 f V of breakage per pound of explosive under optimum explosive. For civil use, shaped charges have
conditions. However, for trench blasting in rock, much been made by pouring liquid explosive (e.g. sen-
heavier loads are commonly used and yield might be in the
range 4 to 20 ftl/lb For underwater row craters, yields of 3 to sitized nitromethane) or sensitized slurry ex-
7 ft,/lb have been obtained in hard rock. plosive into pressed steel cans, e.g. 15 lb of ex-
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plosive in a 9-in.-diameter can. For greater safe- load is three times lower (more optimistic) than
tV. two-component explosives can be employed the specific energy of conventional shaped
(non-explosive constituents are combined during charges. Surface to volume ratio for the slot is
loading), also three times lower than for the slender hole

Shaped charges have been tested systemati- Another unconventional possibility in the ex-

cally in frozen ground, and the results have been plosive area is gas blasting

analyzed For geometrically similar charges, Gas blasting devices give an abrupt discharge
linear dimensions of the pentration hole can be of gas or vapor, usually with initial release

taken as proportional to either the cone pressures in the range 10,000 to 20,000 lbf, inI

diameter or the cube root of charge weight (explosive detonation pressures are of the order
(assuming reasonably constant explosive den- of 10' lbf/in.'). The small expansion between the

sityl With charges of conventional proportions, initial discharge point and the confining medium

penetration in frozen ground is approximately is sufficient to drop the gas pressure below the

10 times the cone diameter, or about 2.7 W' 3 ft, yield stress of most materials, and there is vir-

where W is weight of explosive filling in lb. With tually no shock wave generated by the gas

a 60 0 cone, the average hole diameter is about release. Thus all the blasting action has to be

60% of the cone diameter, achieved by gas expansion.
There are two well-established commercial

For use underwater, the performance of gas blasting systems: aiiblast systems and corn-
shaped charges should not be reduced very pressed carbon dioxide systems In the
much in shallow water, although the hole may airblasting (Airdox) system a multi-stage (om-
not always scour out quite as effectively. pressor charges a bank of receivers, and high
Shaped charges alone can produce underwater pressure air is discharged abruptly from a
trench if used in sufficient numbers, and they special shell when a pre-set pressure level is
can also be used to punch shotholes. reached. With the CO, (Cardox) system, seltf-

Flexible linear shaped charge has been contained shells carry liquid carbon dioxide.
developed for cutting purposes in the past few which is abruptly vaporized and released
years. This material is flexible explosive strip through a rupturing membrane when an internil
with a V-groove moulded in its base (linear heater unit is fired electrically. There are also ex-
shaped charge can also be improvised by perimental systems that employ deflagration ot
moulding plastic explosive over suitable "angle gaseous fuel-oxidant mixtures One developed
iron"). for excavation was known originally as RE D-

It is easy to see how linear shaped charges SOD; it fires a compressed air,'propane mixture
could be scaled up by filling casings of extruded in a combustion chamber, discharging gas
metal or plastic with liquid or slurried explosive, through a venting port.
A rough performance estimate for permafrost The airblast and CO, systems have been
can be made on the basis of data for conven- tested for breaking frozen ground, with ap-
tional shaped charges, e.g. by assuming that parently conflicting results. The first series of
penetration will be roughly 10 times the charge tests, which investigated both surface excava-
width. In order to punch slot to a depth of 12 ft, tion and tunnel excavation, gave vry good
the required charge width would be about 14.5 results and amazingly low values of specific
in. Making a guess about the charge cross sec- energy (down to 50 lbf/in.2 , i.e. an order of
tion (similar to that for conventional 600 cone), magnitude more efficient than chemical ex-
and assuming an explosive specific gravity of plosives). However, these results may reflect
1.3, the approximate load would be 51 lb per skillful exploitation of prevailing conditions,
lineal foot. The average slot width might be which perhaps included an unfrozen or
about 9 in. A rough check on the validity of this permeable sublayer in the case of surface ex-
estimate can be made on the basis of specific cavation. The writer's personal experience is that
energy: for the proposed linear shaped charge compressed gas shells are incapable of breaking
the specific energy is about 55,000 lbf/in.2  well-cemented ice-rich frozen soils with a useful
(assuming 1 kcal/g for the heat of explosion), burden when they are used under realistic prac-
whereas the specific energy for a conventional tical conditions.
shaped charge in frozen ground is about 170,000 For some special applications, e.g. for heaving
lbf/in.2 Thus the specific energy for the proposed surface slabs, gas blasting is very attractive, and
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the rapid-firing repetitive blast system (RED- milling), or upward against the approaching
SOD) is particularly attractive within its range of work (upcut milling) In the former case, the
capability. For general use, gas blasting is not rotor tends to be self-propelling, but it also tends
likely to be a serious competitor to conventional to climb out of the work unless an adequat-
explosives. It is incapable of primary fracturing reaction is provided In the latter case, the rotor
in hard rock, the cost of explosive energy is high, has to be thrust along in the direction of travel.
and shothole requirements are at least equal to and the rotor may have either positive or
those for chemical explosives. However, it might negative reaction in the vertical direction In
be possible to make a useful tool for fine- practice, upcut milling is almost always used
grained soils (frozen or unfrozen) by coupling a (planing can be an exception). In upcut milling.
repetitive gas-blast shell with a vibratory driver, the teeth on the rotor enter the work with almost
Such a tool could be used to break frozen silt zero chipping depth, and usually leave the work
and frozen sand under shallow water, or to with maximum chipping depth Cuttings are
displace stiff clays, transported upward

"Explosive rippers" using gas-blasting systems Large diameter disc saws have been
have been considered for working "dry-land" developed for cutting concrete, asphalt, some
permafrost The idea is to place a gas-blaster rocks, and frozen soils. In the U S., disc
discharge port at the tip of the ripper tooth to diameters range up to about 7 ft, while in the
assist the fracture process. An experimental Soviet Union, where the primary interest seems
device tested in Alaska by CRREL provd disap- to be in cutting frozen ground, diameters range
pointing. The discharge pressure of a gas-blaster up to 3 m (9.8 ft). Kerf widths are in the range 3 5
is too low to induce a shock wave that can to 10 in. Maximum cutting depth is normally less
create primary fractures in rock, and there is in- than the wheel radius
adequate confinement of the gas bubble at the Disc saws are effective in cutting frozen soils,
tip of an operating ripper. However, in an under- concrete and some rocks, but tooth wear can be
water application the gas bubble would be con- a serious problem. Traverse rates for effective
fined, and it might be useful for displacing operation are in the range 2 to 17 ft/min. In
broken material frozen soils, specific energy is about 4.7 X 10'

The developers of the REDSOD system lbf/in. ' for frozen gravel and about 1.8X10'
(Southwest Research Institute) have also Ibf/in.' for frozen silt. In a layered pavement
developed a gas-blasting ripper known as the consisting of asphalt (4.5 in.), concrete (7.5 in ),
FARE (Fuel/Air Repetitive Explosions) ripper, and frozen gravel (22 in.), specific energy was

measured around 5000 lbf/in.' in a CRREL test
Novel methods Disc saws can be used to excavate trench by a

The label "novel methods" covers a very wide "kerf and rib" technique, cutting two parallel
range of concepts, from highly practical ones slots and breaking out the uncut rib between
that are lust coming into use for underwater them. Taking the depth to width ratio of the un-
work, to truly exotic concepts that border on the cut rib as 2, overall effective specific energy can
absurd The following notes cover a represen- be reduced by a factor of 5.
tative sample, from devices such as disc saws The problem of tooth breakage and tooth
and ladder trenchers that could be applied im- wear on disc saws can be solved, but there are
mediately in underwater work, to some of the some inherent disadvantages connected with the
more credible exotics that might conceivably be variable chipping depth.
of interest for long-term research and develop- CRREL has considerable literature and test
ment. data on large disc saws.

Disc saws are beginning to be used for under-
Disc saws, wheel ditchers water trenching and cable laying. A Florida com-
and milling drums pany has developed and operated a disc saw

Disc saws, wheel ditchers and horizontal-axis that is capable of burying underwater cables up
milling drums all fall into a category of to 8 in. in diameter in coral and other soft rocks.
machines that can be described as "transverse The maximum depth of cut is 5.5 ft. The saw con-
rotation." In principle, they can rotate either sists of a trencher-type wheel, with internal
downward into the approaching work (climb peripheral gear drive, and it is fitted with mining
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machine bullet teeth. The wheel is carried on a Banister and Henuset are building "super ditch-
simple sled that is winched along from a surface ers" for burying gas pipeline in arctic Canada
barge. The wheel drive is hydraulic. Trenching Parsons also built a very big machine, the 520
rates are said to be from 5 to 20 ft/min. "Big Inch," which had a 20-ft-diameter wheel In

A less successful development effort was the Soviet Union, there are trenchers built
made by the U.S. Navy. A Vermeer T-600 rock specifically for work in frozen ground The
saw was fitted with hydraulic drive and a cable ZTR-253 is said to be capable of excavating 1200
feed shoe, and it was tested in a nearshore cable- ml/hr (706 ftl/min) At a specific energy con-
laying operation at Midway Island. There were sumption of 180 lbfin.2 (frozen silt), excavation
major problems, and the machine was rebuilt for at this rate would call for a wheel power of 555
further tests at Kauai, where again there were hp. which is certainly much more than the in-
major difficulties. As far as can be ascertained, stalled power of the machine Some Russian
this machine was unsuccessful largely because it reports on frozen ground excavation equipment
was not well adapted for the task; there is no seem to make claims in the same class as those
reason to believe that the concept was inherent- made by some U.S salesmen, the "frozen
ly unsuitable. The carrier vehicle was inap- ground" they consider is probably bare, frozen
propriate for the working environment, and silt with low water content
there were mechanical problems in various parts On present evidence it appears that the main
of the system. problem in adapting wheel trenchers for work in

Disc saws can certainly be used effectively for hard materials is to design and build more
underwater cable burying, but they ought to be durable cutting teeth The stressing problem
designed and built for the job instead of being does not appear to be very serious if we assume
adapted superficially from existing dry-land an 18-bucket, 14-ft-diameter wheel cutting to 7-ft
equipment, depth, while turning at 5 rpm and drawing 200

For burial of large diameter pipes it would be hp, the maximum time-averaged tangential force
possible to use multiple disc saws, but a more is 1700 lbf per tooth. This is not a very high value
direct approach is to cut the trench with a single for a large drag bit, but in well cemented coarse
wide wheel similar to the wheel ditchers that are gravel there could be high-frequency force fluc-
used on land. tuations that might give brief force pulses sever-

Bucket-wheel ditchers such as those built by al times higher than the 1700 lbf mentioned.
Cleveland, Parsons/Koehring, Barber-Greene and Nevertheless, it seems quite likely that abrasion
Banister are standard items for trenching on land on the relief face could present the main bit
in unfrozen ground. The most sturdily built problem. Two factors seem important in design-
ditchers can, with adequate power, operate in ing better teeth: 1) the teeth should be as large as
"dry-land" frozen soils and some of the softer is reasonably possible, ideally larger than the
rocks, but so far they have been uneconomical coarsest fraction of the gravel particles, and 2)
in frozen gravels because of high tooth costs. the teeth should have properly designed hard

In the 1969 TAPS trials near Fairbanks, a heavy tips that are oriented, supported, and bonded in
wheel cutting 5 ft wide by 7 ft deep was able to accordance with the resultant cutting force and
maintain 6 ft/min, and achieve up to 8 ft/min in the tooth trajectory through the work.
frozen silt. In frozen gravel, advance rates were Another way to make wide cuts in hard
2.2 to 2.5 ft/min, with a few instances of 6 ft/min, material is to use a milling drum of relatively
presumably in weaker patches of ground. The small diameter. Milling drums that rotate about
writer analyzed the 1969 results for the Banister a horizontal axis are currently being used to
H.A.K. trencher, and calculated the following grade, plane and excavate asphalt and concrete
specific energy values: down to 180 lbf/in.2 in pavements. A drum miller of this type was tested
frozen silt, 660 lbf/in.1 for good production rates in frozen ground, and the specific energy con-
in frozen gravel, and 240 lbf/in.2 for absolute sumption was estimated as 720 lbf/in.2 for frozen
best performance in frozen gravel, silt and 1310 lbf/in.2 for frozen gravel. The heavy

More recent development work has been done planing bits fitted to the drum suffered con-
by Banister (the Banister 710 cut 6-ft-wide trench siderable damage and wear in frozen gravel, but
to a depth of 9.5 ft in frozen gravel), but detailed test results were sufficiently encouraging to war-
test results are not available to the writer. Both rant design of an experimental attachment for
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military construction machines Another drum (an penetrate to 9, 11, 14 or more feet (up to 25
miller was tested for deep cutting of pavements ft) A variety of hardened or carbide tipped bit,
It had overall specific energy consumption of are mounted on the chains Coal cutters have
about 1700 Ibf/in I and process specific energy been used for work in rock salt, potash, shale.
of about 700 lbf!in 2.  slate, frozen soils and ice.

A milling drum developed at CRREL as a per- Some very large chain saws have been built
mafrost excavating attachment for heavy for special jobs During construction ot the
bulldozers consisted of a powered drum, 12 ft Dallas-Fort Worth Regional Airport, a contractor
long and 5 ft in diameter (across the cutters) built a heavy shale saw that could dig to a depth
Two hydraulic motors, rated at 200 hp, were of 22 ft (6.7 m) The saw was mounted on the
mounted inside the drum Drum bearings and boom of a hydraulic backhoe, using a wheeled
end mounts were recessed to permit cutting to carriage to provide stability and depth control It
more than the drum radius. The drum could be traversed at 0 5 ft/min (0 15 mmin).
reversed end-for-end to permit either climb mill- Some very big chain saws were built for bury-
ing or upcut milling. Cutting teeth were heavy ing a 10-in gas pipeline in Alaska The machines,
carbide-tipped tools designed for use on rock the BorTunCo Roc Saws, have a very heavy
tunneling machines The machine had process chain that cuts an 18-in -wide (046 m) kerf to a
specific energy of about 1700 lbf/in.2 in frozen depth of 8 ft (2.4 m) The machines work very
gravel and 1500 lbf/in.2 in frozen silt. The tooth well in frozen fine-grained soils and in fine
pattern was not completely satisfactory, and ac- gravel, but they have had difficulties in bouldery
tual power density was too low. ground

Underwater trench could be cut by a single Special saws have been built for cutting
horizontal axis milling drum, or by a staged se- harder rocks, such as limestone and marble, in
quence of milling drums. However, a drum quarries These cut a narrow kerf (about 1.5 in ,
machine would not be very suitable for trenches or 40 mm), and have bars up to about 10 ft (3i m)
narrower than about 18 in. long. Cutting rates are rather low - around 1

Design principles and performance data for in /min (25 mm/min).
all kinds of transverse-rotation machines are Ladder trenchers or heavy chain saws can
given in detail elsewhere (Mellor 1975, 1977). probably be used successfully underwater, and

for some special purposes they may well be
Ladder trenchers and chain saws more suitable than most other devices CRREL

Ordinary chain-type trenchers (ladder tren- outlined a preliminary design for a chain ,aw
chers) are used mainly for digging in unfrozen trencher as part of a study on undersea cable
soils to depths of 6-8 ft (1.8-2.4 m), with trench burial systems made for the Naval Facilities and
widths of 4 to24 in.(0.1 toO.6 m). Thelargest soil Engineering Command, U.S. Navy (Mellor et al
trenchers are the chain-bucket types, that can 1977). Design principles and performance data
dig to depths of 25 ft (7.6 m) with trench widths for chain-type machines are given in detail
up to 6 ft (1.8 m). In order for these machines to elsewhere (Mellor 1976, 1978).
operate in harder materials, such as frozen soils,
they have to be fitted with special belts, known Repetitive impulse devices
as "frost chains." Frost chains usually carry rock- For very strong rocks, it is usually impractical
cutting drag bits with carbide tips, and they are to consider cutting by parallel-motion tools
usually quite narrow, say 8 in. (0.2 m) or less. (with the exception of diamond tools). The alter-

On typical ladder trenchers, the cutting side native is to use normal-indentation cutting tools
of the chain is usually carried on widely spaced For undersea trenching, normal-indentation
rollers, and the ladder frame is not a very robust tools that require large static reactions are not
structure. Thus for the cutting of hard materials, likely to be suitable, so that leaves inertial
there is usually a switch to a chain saw machine, systems, such as percussive drills, hammers, or
on which the chain is continuously supported by impact breakers.
a rigid bar. Repetitive-impulse power tools range from

The most common type of heavy chain saw is "thunkers," which give a heavy blow at low fre-

the coal cutter, The bar of a coal cutter usually quency (e.g. piling hammers), to "buzzers,"
produces a kerf about 6 in. (0.15 m) wide, and it which give a small-amplitude vibration at high
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frequency (eg vibratory drivers). They can be energies for ,' large number of boom-mounted

grouped for convenience according to frequen- hammer impactors. The values range from 125
cy low frequency (of the order of 1 Hz), medium to 20,000 ft-lbf (low frequency pile drivers.
frequency (of the order of 10 Hz), and high fre- deliver up to about 850,000 ft-lbf) Correspond-

quency (of the order of 100 Hz or possibly ing frequency data are not immediately availa-
higher). Because power is given by the product ble, but machines with a blow energy of about

of frequency, force and amplitude, typical units 1000 ft-lbf can be expected to run at 300 to 6(X)
of moderate size have an inverse relation be- blows/min, while heavier machines run more
tween frequency and blow energy Blow energy slowly. For example, the Koehring RB8 runs at

is usually of the order of 10,000 ft-lbf or more for 225 blows/min with a 4400-ft-lbf blow
lower frequency L its, of the order of 100-1000 Looking at output power and mechanical efti-

ft-lbf for mid-frequency units, and of the order of ciency, the last named machine puts out 10 hp

20 ft-lbf or less for high frequency units. maximum, while requiring a 200-hp input to the
Low frequency tools are represented mainly compressor A hydraulic impact breaker used b

by powered piling hammers driven by steam, the writer (IR Hobgoblin) delivered up to 12 hp
compressed air, or internal combustion. Medium at the tip for a 78-hp diesel input. On pneumati
frequency tools are represented by impact percussive rock drills it is quite common to re-

breakers powered by hydraulics, compressed air, quire 40-hp input to the compressor tor a 4-hp
or direct mechanical action (with springs). High output at the bit. Thus the mechanical efficienv
frequency tools are represented by relatively of these systems is of the order of 10% to 1S%

novel vibratory devices in which the primary ex- We can make a rough estimate of the amount
citation is usually by rotating eccentric mass or of power that might be needed to cut a 12-in
electromagnetic vibration, possibly coupled to wide trench to a depth of 3 ft Taking 100 hp ft'

the driver through a hydraulic transfer medium. as the required power density, about 100 hp

All of these types have been used for breaking, would have to be delivered by the (utter 1 his
drilling or pile-driving in frozen ground, but would call for an input power of 2000) hp or

quantitative results suitable for analysis are not more.

available. Some of the design limitations of repetitive

It has been suggested that there is a minimum impulse devices can be overcome by projectile

level of blow energy below which rock cutting impact breakers. These may employ either a
ctig reusable captive projectile, or else free prolec -

becomes ineffective. Values that have been put

forward as practical minima include 280, 750 tiles. A high speed projectile impacting normally

and even 5000 ft-lbf per inch of cutting edge. on a solid target creates a high stress level With

These values are highly questionable, and in- relatively incompressible projectile and target

deed the whole notion seems overly simplistic, materials, the initial impact stress is given to a

However, there may be enough validity to steer first approximation by Qcv, where Q is material

the present consideration away from very high density, c is acoustic velocity for the material,

frequency devices that develop very small blow and v is impact velocity.

energies. This is not to completely rule out A simple example is provided by the so-called
vibratory machines. The Sonico (Bodine) REAM system, which was developed with fund-
BRD-100 and BRD-1000, and the Gardner-Denver ing from the Advanced Research Projects Agen-

"Blowtorch" have been used for drilling and cy. This system was intended to drive tunnels in
driving, and there is a good deal of experience hard rock by firing concrete projectiles from a
with the BRD machines in frozen ground. 105-mm howitzer.

Percussive rock drills develop a maximum There have also been proposals for "missile

blow energy of about 300 ft-lbf, while small miners" that fire continuous streams of projec-
hand-held pavement breakers give up to about tiles, and CRREL studied a proposal for ex-

100 ft-lbf. Frequencies are usually less than 1000 cavating permafrost by firing steel shot or pea
blows/min, and a pneumatic rock drill cannot gravel from an eductor-ejector.
normally deliver more than about 5 hp at the bit. The writer analyzed this proposed scheme,
However, this represents a fairly high power den- plotting input data for a wide range of projec-
sity - about 100 hp/ft2 with a 3-in. bit. tiles, from bullets to bombs, and finding a linear

Grantmyre and Hawkes (1975) give blow correlation between crater volume and projec-
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tile energy For impact on frozen soils at hard ground One %Nay to make a repetitive-
velocities up to 4000 ftis, specific energies were impulse ripper with limited development
in the range 350 to 3500 bf/in.) In this study, resources would be to embody a mid-trequvn ,
specific energy did not vary systematically with impact breaker in the tooth A deep water
impact energy, or velocity, although for rocks in undersea cable plow that utilizes ibration has
general there is supposed to be a decrease (im- been developed by the U S Nav Cilngineer-
provement) in specific energy as impact energy Ing Laboratory
increases The CRREL analysis brought out the One of the main attractions of repetit%,e-
point that energy has to be developed more by impulse devices is that they require ver, little
velocity than mass, otherwise, the volume of bias force to be applied externally, and this
prolectile material thrown against the working could be a significant advantage in underwater
face becomes comparable to the volume of work On the other hand, if experience In surta e
material broken out, excavation gives any indication, the general

For underwater cutting, projectiles would operating characteristics ot impactor, are not
probably have to have the water cleared from very appealing except in very hard brittle
their flight path by compressed air. Alternative- material.
IN solid particles might be entrained in a high
velo( ity water jet.

Grantmyre and Hawkes (1975) give blow High pressure water jets
energies for some captive-projectile impact The water jets that are used to rut hard
breakers, the values ranging from 3000 to 72,000 materials usually employ nozzle pressures in ex-
tt-lbf These machines do not seem to have gain- cess of 10,000 bf/in. 1 If they can be made to cut
ed much acceptance in the commercial sphere, rock effectively, high pressure water jets have

In the Soviet Union, Zelenin made a major certain potential advantages over rigid tools
study of frozen ground excavation nearly 20 The jet is a non-contact device, and it suffers
years ago, carrying out some experiments with relatively little wear. Reaction forces on the
drop-wedges. Machine designers seemed to take device are also quite small, so that it is not
these tests rather literally, and fitted tractors necessary to transmit high forces. However, iet
with frames that allowed a heavy wedge to be cutting is very inefficient in energetic terms, so
winched up and dropped onto frozen ground. It that large amounts of power may be required
is hard to take these contraptions seriously, but The cutting of materials with high pressure
if the idea were to be developed it is possible to water jets is a relatively new technology that has
imagine a diesel piling hammer hitting a wedge developed quite rapidly. A good introduction to
with 30,000 ft-lbf at about 1 blow/s (55 hp), the field is provided by the Proceedings of the
breaking 25 to 31 ft1/min in frozen silt and 9.3 to First, Second and Third International Sym-
132 ft'/min in frozen gravel. posiums on Jet Cutting Technology (Coventry,

For many years there has been interest in England, 1972; Cambridge, England, 1974;
vibrating rippers and percussive rippers, and Chicago, Illinois, 1976), and by the proceedings
several equipment manufacturers have pursued of a National Science Foundation Workshop
long-term development projects. One major line held in 1975. Two broad development ap-
of rippers has heavy rubber blocks that are proaches have been followed in jet cutting
claimed to give a vibrating action; these actually technology: 1) continuous jets, and 2) discon-
create a complaint system that releases strain tinuous, or pulsed, jets. Pumps capable of pro-
energy after peak stress and yield has been viding continuous jets are currently available
achieved, and probably do not achieve the basic from commercial sources with delivery
aim of reducing plowing force. There are on the pressures up to 70,000 Ibf/in' for small units
market eccentric-mass vibrating cable plows, (around 60 hp), and up to 20,000 lbf/in.1 for large
such as the Parsons/Koehring Saberplow DP-100, units (600 to 1200 hp). CRREL worked (through a
that are used by utility companies. One New contract arrangement) with a 200-hp unit that
England company begins spring operation in had a pressure capability of 100,000 lbf/in.2, but
frozen ground with this device, but has to tow it was incapable of continuous operation. Pulsed
the plow vehicle with a surplus M-41 tank, sug- jets, which even after many years are still in the
gesting that the vibration confers little benefit in development stage, are generated by impact
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systems, and they can achieve exit pressures of be designed for work in hard rock without ap-
the order of 10' lbf/in.2  preciable development effort, and e\en then the

In the research area, there have been two power demands might well be prohibitive For in-
distinct schools of thought on water jet applica- itial design estimates, we might suppose that a
tions, One holds that intermittent ejection of jet working at some realistic pressure (say 20,000
slugs of water at very high velocity provides the lbf/in.1 for sea water in high power pumps) could
most efficient attack, while the other maintains penetrate about 15 nozzle diameters at a useful
that continuous jets at the highest feasible traverse speed. The problem might be to assist a
pressure level are likely to be the most effective, ripper while keeping penetration demands as
There might also be a compromise approach in- low as possible One approach would be to have
volving modulation of continuous jets over a jets working as "gauge cutters" for a staged
modest amplitude. There is no doubt that in series of ripper teeth. One pair of jets would
some applications it may be desirable to em- point upward from the edges of the ripper tip,
phasize velocity over mass in the generation of while another pair of jets pointed downward
jet energy (cf. projectile impact), since there are from the top surface of the material Any one
situations where it is inconvenient to supply and ripper tooth would only work a limited depth -
remove large volumes of water, e.g. in winter ex- a following ripper would deepen the %lot
cavation of "dry-land" permafrost, or in However, the power demands for such a system
underground work. However, when spurious quickly become exorbitant
boundary effects are eliminated there is, as yet, Figure 10 gives a graphical display of poser
little convincing evidence that specific energy and flow rate as functions of nozzle pressure
consumption decreases significantly with in- and nozzle diameter More dire( tlv the hdral.u-
creasing impact velocity, either for typical rocks lic horsepower of a nozzle is 0 0174 d'p ". ss here
or for frozen soils and ice. This fact, taken in d is nozzle diameter in inches and p is nozzle
conjunction with the rapid development of high pressure in lbf,in '
pressure pump technology, suggests that con- If it is necessary to penetrate 6 in in a ,ingle
tinuous jets may be more attractive than discon- pass, a first guess is that the required no/zle sie

tinuous jets for short-term development goals, for weak rocks might be around 0.4 in To run a
Another factor is that continuous jets appear to 0.4-in nozzle at 20,000 lbf in ', the required hv-
be better adapted for deep penetration, which is draulic power is 7874 hp For a 3-ft-deep tren(h,
very important in most practical applications, there might be a requirement for 12 nozz les, and

In the continuous jet development field, there a total of 94,500 hp
has been a tendency to pursue ever higher This sort of power demand Could probably be
discharge pressures, in the belief that efficiency reduced by clever design and development et-
improves with increasing pressure. However, fort, but the prospects for an effi(ient system do
there is very little evidence, either experimental not look good
or theoretical, to support this quest. On the con- One other type of jet that might be mentioned
trary, there are some indications that, provided is the cavitating jet, which works on different
water volume is not a consideration, there may principles. The U.S Navy has apparently devel-
be an optimum pressure for a given combination oped an interest in use of cavitating jets for
of other variables and rock type. The design underwater trenching, but it seems unlikely that
goal, therefore, is to estimate an optimum com- a practical system could be produced in the near
bination of nozzle parameters that is practically future.
feasible.

CRREL investigations have covered the devel- Flame jets and plasma torches
opment of design schemes quite thoroughly, tak- High velocity flame jets, such as the Linde
ing both theoretical and experimental ap- torch or the Browning burner, are used for cut-
proaches. This work has been published, and ting some types of rock, and periodically there
need not be described here. One paper gives a are suggestions that they should be used for
large amount of experimental data for rock cut- drilling and cutting frozen ground. CRREL has
ting (Harris and Mellor 1974). used Browning burners for drilling and slotting

On the basis of previous experience and frozen ground, but the performance has been
available data, it is felt that a jet plow could not uninspiring.
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The rocks that are cut successfully with flame and up to 0 5 ft min in frozen gra\,el Ho%%e\ser
torches are so-called "spallable" rocks, usually operational slotting results obtained b CRRI I
crystalline rocks with high density, high modu- did not give rates as high as these
lus. and high quartz content The torch spalls Flame jets could operate under Aater ot
pieces off the rock surface by inducing thermal moderate depth, but they do not appear attra -

strain discortinuities at high rates (the volume tive. even though they constitute "zero for(e
expanison oefficient for crystalline quartz is devices
three times greater than for other common con- Electric-arc plasma torches are being desel-
stituent minerals), and the jet velocity is suffi- oped for metal-cutting and other purposes and it

cient to clear chips from the working surface has been suggested that they might he used tor
Production rate data are not immediately excavation. In the present context they (an be

available for flame jets in rock. but watching the regarded as being in the same category as flame
progress of a flame let channeling operation in a jets, but because they are of even higher poten-
granite quarry is a bit like watching the grass tial they will probably be less efficient
grow There is a possibility that rock spalling
might be enhanced underwater by rapid quench- Electrical discharge and
ing, but it is hard to imagine an effective trench- electromagnetic radiation
ing tool based on torches Electrical and electromagnetic con(epts for

High temperature heaters have been excavation of rock or frozen ground have not yet
developed with the intention of boring and tun- developed into realistic practical methods, nor
neling in rock Power densities of the Los Alamos are they likely to do so in th, near future (inve ti-
"Subterrenes" were in the range 0.3 to 2 5 gators in the USSR might disagree) Nevertheless
MW/m (power densities for thermal ice drills are they tend to attract attention periodi(ally, and
about the same - up to 3 5 MW/m) However, for the sake of completeness a few notes ar, in-
the practical usefulness of these rock-boring cluded here More thorough coverage i given in
devices still ha,, to be demonstrated a CRREL report on the subject (Hoekstra 197Wl

Ice-bonded soils do not spall, although ice has Electrical discharge Electrical discharge
an expansion coefficient much higher than the methods for breaking rock or frozen ground in-
silicate soil grains, it is impossible to heat it volve either abrupt dc discharge of energy
rapidly through the 1000 C or so that would be stored in a bank of capacitors, or else high-loss,
necessary to provide the required internal strain high-frequency ac discharge between implanted
differentials. Thus a flame torch cuts frozen soils electrodes. The former is the basis of the electro-
by melting the ice cement, and then blasts the hydraulic technique for breaking rock and
separated particles clear of the working face. generating underwater shocks. The latter

Even a very efficient melting process can be dissipates heat rapidly along preferred condu(-
expected to be at least 30 times less efficient in tion paths, which would probably be iceisilicate
energy terms than typical mechanical cutting, interfaces in frozen soils, or wet internal sur-
but rough estimates of specific energy for flame faces in ordinary rocks. At the present time these
torches in frozen ground give values of the order techniques do not appear attractive even on a
of 10' lbf/in.2 , i.e. about 100 times less efficient laboratory scale, and there are numerous objec-
than mechanical cutting. This is not surprising, tions to practical applications in the present
since much of the heat is dissipated by convec- content.
tion to the surrounding air. Electromagnetic radiation. The logical way to

Perhaps of more consequence is the inherent use electromagnetic radiation for breaking rock
rate limitation of a melting process that depends or frozen ground is to dissipate energy inside the
on heat conduction through the solid. During ground material so as to create internal fractures
drilling tests with the Browning burner, penetra- or to destroy ice bonds by partial or complete
tion rates for 6- to 9-in.-diameter holes in frozen melting. In broad terms, attenuation of radiation
silt were from 0.4 to 1.1 ft/min, and 1-ft-diameter in the ground can be expected to decrease as fre-
hole was produced in frozen gravel at rates up to quency decreases and wavelength increases. The
3 ft/min. On the basis of these results, it is goal is to find a frequency range which will pro-
estimated that one burner of typical size might vide suitable penetration while keeping dissipa-
be capable of advancing the equivalent of 6-ft- tive power density at a useful level. Obviously,
deep slots at rates up to 0.14 ft/min in frozen silt
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radiation at optical frequencies will not pene- other places because of special environmental

trate at all, while very low frequency signals will hazards The intrinsic problems ot subsea

penetrate too easily One might guess that a trenching are no greater in polar waters than

suitable range would be where the wavelength is elsewhere, although there are unusual condi-

about an order of magnitude greater than the tions that could complicate operations

maximum grain size of the soil If a suitable fre- A wide range of existing techniques can be ap-

quent v could be found, the radiation might be plied in the relatively shallow coastal water

beamed into the ground at a high power level where protection needs are greatest, at least in

stitn a directional antenna Theoretically, frozen soft bottom materials However. trenching in

Soil should fall apart under these conditions, but hard bottom is inherentl diffi(ult in any part o

the dielectric properties of frozen soils are quite the world In fa(t, trenching in hard ground is dif-

omplicated. and prospects for early develop- ticuit and expensie even on dry land

ment of such a device are not good. A number of exotic concepts are potentialls

The cutting of rock with lasers has evoked applicable to subsea trenching, but for the nio~t

onsiderable interest in recent years, but it is not part they are Untried in the underwater environ-

easy to see why. A beam of coherent light does ment For the short term, it would be sater to

not suffer geometrical attenuation; it can pass over the exotic concepts and concentrate

therefore transmit energy through the at- on progressive development of proven tech-

mosphere without much loss, but this is of no niques
great interest in excavation. A focused laser In facing excavation problems, some federal

beam can create great power density at a solid agencies and military organizations tend to seek

surface, giving very high point temperatures. a universal device that does all things under all

This can cause the surface of "spallable" rock to conditions While this approach may be warmly

spall, provided that the beam traverses at a endorsed by research entrepreneurs, it is

suitable rate If a focused laser dwells on one unrealistic. For subsea trenching, as for other

point, in either spallable or non-spallable rock, construction work, it is more practical to use a

the rock melts, and the molten rock provides an variety of tools and techniques to suit the

effective barrier to further attack if it is not special conditions.

swept or blown away. In short, a laser does what
a flame jet or a plasma torch could do. Laser Literature cited
tests on frozen soils were commissioned by Brown, R t (1972) Pipelines can be designed to resist impact

CRREL, but the results were not encouraging. from dragging anchors and fishing boards Paper no

OTC 1570, Offshore Technologs Conterence.
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